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Neurovascular disorders include subarachnoid hemorrhage,
intracranial aneurysms, arteriovenous malformations, cav-
ernous malformations, carotid disease, acute ischemic stroke,
intracerebral hemorrhage, and moyamoya disease. Recently,
there has been a greater understanding of both the genetic
links and the basic mechanisms behind the pathophysiology
of neurovascular diseases. Additionally, there have been
significant advances in diagnosis, medical treatment, and
microsurgical/endovascular therapies.

This special issue on neurovascular disorders sheds light
on several important aspects of common neurovascular dis-
orders including acute ischemic stroke, arteriovenous malfor-
mations (AVMs), and subarachnoid hemorrhage.

Among several nicely conducted studies published in
this issue, Y. Zhang et al. provide us with a study demon-
strating that somatosensory and brainstem auditory evoked
potentials assessed between 4 and 7 days after severe stroke
onset may predict unfavorable outcome. S. Hillman et al.
study temporal changes in the quality of acute stroke care
in five national audits in Europe and report a general trend
towards a better quality of stroke care over time signaling
that monitoring of stroke care performance contributes to
the improvement of quality of care. In a nicely designed
experiment, N. Iwata et al. report that repeated adminis-
tration of etanercept may prevent exacerbation of cerebral
ischemic injury in diabetic rats. W. Li et al. demonstrate
that SAMHDI gene mutations are associated with cerebral

large-artery atherosclerosis. In a pilot study, C.-P. Chung et
al. report that the level of circulating endothelial progenitor
cell is associated with cerebral vasoreactivity. With regard
to AVMs, M. Xu et al. provide us with a timely review of
animal models for studying cerebral AVMs. Finally, A. Benet
et al. elegantly demonstrate the feasibility of implanting a 3D-
printed brain aneurysm model in human cadavers for use in
neurosurgical research, case planning, and operative training.

Improvements in diagnosis, imaging, and therapies will
lead to improved outcomes for neurovascular disorders. It
is crucial to study the safety and efficacy of new therapies
and compare them to the existing modalities to identify
the best options for our patients. Within this compilation
of studies, we hope to elucidate areas of uncertainty, recent
developments, and clinical necessity.

David Hasan
Nohra Chalouhi
Aaron S. Dumont
Robert M. Starke
Pascal Jabbour
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Our objective was to explore the best predictive timing of short-latency somatosensory evoked potentials (SLSEP) and brainstem
auditory evoked potentials (BAEP) for unfavorable outcomes in patients with early stage severe stroke. One hundred fifty-six
patients with acute severe supratentorial stroke were monitored according to SLSEP, BAEP, and the Glasgow Coma Scale (GCS)
at 1-3 days and 4-7 days after the onset of stroke. All patients were followed up for outcomes at 6 months after onset using the
modified Rankin Scale (mRS), with a score of 5-6 considered unfavorable. The predictive values of SLSEP, BAEP, and the GCS
at 1-3 days were compared with 4-7 days after onset. Our results show that, according to the analysis of prognostic authenticity,
the predictive values of SLSEP and BAEP at 4-7 days after stroke onset improved when compared with the values at 1-3 days for
unfavorable outcomes. Most of the patients with change of worsening evoked potentials from 1-3 days to 4-7 days after onset had
unfavorable outcomes. In conclusion, SLSEP and BAEP assessed at 4-7 days after onset predicted unfavorable outcomes for acute

severe stroke patients. The worsening values of SLSEP and BAEP between 1-3 days and 4-7 days also present a prognostic value.

1. Introduction

Evoked potentials (EPs) have been widely utilized to predict
the outcome of patients with acute severe strokes. Although
previous studies have reviewed various timings, that is, within
7 days, 10 to 15 days, 30 days, 10 weeks, and 3 months
after stroke onset [1-6], precise timing at early stage remains
unclear. Physicians often prefer earlier predictions on prog-
nosis in order to improve treatment strategies. Previous
studies have found that short-latency somatosensory evoked
potentials (SLSEP) N20 and brainstem auditory evoked
potentials (BAEP) wave V within 7 days after stroke were
highly consistent with the outcomes of patients [1, 2, 5, 6].
However, 7 days is a relatively long period. Additionally,
patients’ conditions may change due to brain edemas during
the 7-day period after stroke, especially in severe stroke
patients. If optimal evaluations can be determined within
the 7-day period that accurately predicts outcomes, properly
informed and earlier medical treatments can be planned,

enabling the optimal use of resources. It is well known that
brain edemas take place 3-4 days after stroke, increased
intracranial pressure peaks at 4-7 days, and patients often
worsen at 4-7 days [7]. We hypothesized that the SLSEP and
BAEP could be used to predict more accurate outcomes at
4-7 days than at 1-3 days after the onset of a severe stroke.
Accordingly, we conducted a prospective blinded study to test
our hypothesis.

2. Materials and Methods

2.1. Patients. Patients with acute severe supratentorial stroke
admitted to the neurointensive care unit (NICU) of Xuanwu
Hospital of Capital Medical University between January 2008
and December 2013 were enrolled in the study. The inclusion
criteria were the following: (1) age from 18 to 85 years; (2)
1 to 3 days after the onset of the acute severe supratentorial
stroke; (3) Glasgow Coma Scale (GCS) [8] <12; and (4) severe
cerebral infarction or intracranial hemorrhage confirmed by
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computed tomography and/or magnetic resonance imaging,
that is, cerebral infarction volume >66% of the middle
cerebral artery (MCA) territory [9] and hematoma amount
>25mL [10]. The exclusion criteria were the following: (1)
presence of severe skin edemas of the upper extremities,
cervical or head area; (2) history of severe hearing problems;
(3) history of previous stroke; (4) lesions in posterior cir-
culation territory; (5) undergoing intravenous thrombolysis
or mechanical thrombectomy therapy; or (6) death within 3
days after the onset. The following parameters were recorded:
(1) demographics (age and gender) and (2) stroke presen-
tation, including the baseline National Institutes of Health
Stroke Scale (NIHSS) (1-3 days after stroke onset) and the
etiology of the brain lesion (infarction or hemorrhage).

2.2. Clinical Assessments and Evoked Potentials Monitoring.
With the permission of the local ethics committee and
the consent of the patients’ families, we performed the
clinical assessments of GCS and monitored the EPs, including
SLSEP and BAEP. The GCS and EPs were examined by two
experienced neurologists, respectively, at 1-3 days and 4-
7 days after stroke onset. The physician assessing the GCS
was blinded to the EPs results. The physician performing
the EPs was blinded to the clinical assessments. The EPs
were recorded as described previously by Zhang et al. [11]
on the electromyography/evoked potential machine (Nicolet
Select, Nicolet, Madison, WI, USA) with Ag/AgCl-sintered
electrodes.

2.3. Clinical Assessments and EPs Parameters. The GCS
includes tests of eye opening (1-4 points), speech response
(1-5 points), and motor response (1-6 points). The maximum
total score is 15 points. A GCS score of 6-12 was defined
as a favorable prognostic predictor, and a score of 3-5
was defined as an unfavorable prognostic predictor [12, 13].
The classification of the EPs was defined according to the
responses of N20 of SLSEP and V of BAEP: Grade 1, bilaterally
normal responses; Grade 2, unilaterally normal responses
and pathological responses in the other lateral; Grade 3,
bilaterally pathological responses; Grade 4, unilaterally nor-
mal responses and absence of responses in the other lateral;
Grade 5, unilaterally pathological response and absence of
responses in the other lateral; and Grade 6, bilateral absence
of responses. Normal EPs limits were defined at 3 SD from
the mean value using the normal data bank of our NICU.
The unfavorable prognostic predictors of the EPs included
any abnormality of responses, that is, Grade 2 to Grade 6, and
bilateral absence of responses, that is, Grade 6.

2.4. Outcome Evaluation. We assessed outcomes at 6 months
because stroke patients may improve following rehabilitation
training administered within 6 months after stroke onset.
Patients were followed up at 6 months by two physicians
who were blinded to the clinical assessments and the EPs
results. The modified Rankin Scale (mRS) [14] was utilized to
measure outcomes. A score of 0—4 was considered a favorable
outcome, whereas a score of 5-6 was graded as an unfavorable
one [15]. The optimal outcome achieved within 6 months after
stroke was used for analysis.
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2.5. Statistical Analysis. SPSS version 17.0 was used to analyze
the data. The prognosis differences in baseline characteristics
and different parameters were assessed with the Mann-
Whitney test for continuous variables and Fisher’s exact
tests for the categorical variables. The authenticity predic-
tions included sensitivity, specificity, positive predictive value
(PPV), and negative predictive value (NPV) of the predictors,
including GCS 3-5, parameters (N20 was abnormal and
bilateral N20 was absent) of SLSEP, and parameters (wave
V was abnormal and bilateral wave V was absent) of BAEP
for unfavorable outcome. Exact 95% confidence intervals
(CIs) were estimated using the binomial distribution. Positive
likelihood ratios (LR+) with 95% Cls were also analyzed. If
any of the cells of the 2 x 2 table contained no observations,
we added a value of 0.5 to each cell to calculate LR+ [16].

3. Results

3.1. Baseline Data. A total of 156 patients were enrolled of
which 94 were men and 62 were women aged between 23 and
85 years (64 + 14, on average). A total of 123 patients suffered
from supratentorial infarction, and 33 patients suffered from
cerebral hemispheric hemorrhage. Sixty-seven patients had
favorable outcomes, while 89 patients had unfavorable out-
comes (Table 1). A total of 111 patients survived.

3.2. Prognostic Authenticity Analysis of Possible Predictors for
Unfavorable Outcomes at 1-3 Days after Stroke Onset (the First
Time). SLSEP (any abnormality of N20 and bilateral absence
of N20) and BAEP (bilateral absence of V) were statistically
significant in different outcomes based on Fisher’s exact test
analysis (P < 0.05) at 1-3 days after stroke onset (Table 2). The
prognostic authenticity analysis showed that the sensitivity of
any abnormality of N20 (96.6%, 95% CI: 89.8%-99.1%) was
the best among the clinical assessment of the GCS and EPs.
The specificity of bilateral absence of N20 and of bilateral
absence of V was the best (100%, 95% CI: 93.2%-100%). The
PPV of bilateral absence of N20 (100%, 95% CI: 51.7%-100%)
and of bilateral absence of V (100%, 95% CI: 65.5%-100%)
was also the best. The NPV of any abnormality of N20 was
relatively high (80.0%, 95% CI: 51.4%-94.7%) (Table 3).

3.3. Prognostic Authenticity Analysis of Possible Predictors for
Unfavorable Outcomes at 4-7 Days after Stroke Onset (the Sec-
ond Time). The GCS, SLSEP, and BAEP were all statistically
significant in different outcomes based on Fisher’s exact test
analysis (P < 0.05) at 4-7 days after stroke onset (Table 2).
The prognostic authenticity analysis showed that the sen-
sitivity of any abnormality of N20 (100%, 95% CI: 94.8%-
100%) was the best among the clinical assessment of GCS
and EPs. The specificity of bilateral absence of N20 and of
bilateral absence of V was the best (100%, 95% CI: 93.2%-—
100%). The PPV of bilateral absence of N20 (100%, 95% CI:
89.8%-100%) and of bilateral absence of V (100%, 95% CI:
87.4%-100%) was also the best. The NPV of any abnormality
of N20 was the best (100%, 95% CI: 78.1%-100%). Further-
more, the bilateral absence of N20 showed the highest LR+ of
65.22 (95% CI: 4.09-1040.76), which was superior to other
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TABLE 1: Baseline characteristics and the brain lesions of patients with different outcomes at 6 months after stroke.
Unfavorable Favorable outcome
outcome (mRS 1-4) P value
(mRS 5-6)
Age, median (IQR) 70 (62-76) 60 (47-69) <0.001
Gender
Male, n (%) 52 (55.3) 42 (44.7) 0623
Female, 7 (%) 37 (59.7) 25 (40.3)
NIHSS baseline, median (IQR) 28 (24-32) 27 (22-34) 0.414
Hemisphere stroke
Left, n (%) 47 (55.3) 38 (44.7) 0745
Right, n (%) 42 (59.2) 29 (40.8)
Etiology of the brain lesion
Infarction, n (%) 73 (59.3) 50 (40.7) 0323
Hemorrhage, 1 (%) 16 (48.5) 17 (5L.5)
Total, 1 (%) 89 (57.1) 67 (42.9)
NIHSS, National Institutes of Health Stroke Scale; IQR, interquartile range.
TABLE 2: Prognostic predictors at 1-3 d and 4-7 d after stroke onset with different outcomes at 6 months after stroke.
Ugi‘égiﬁtle Favorable outcome
Prognostic predictors (mRS 5-6) 1(_n31§? 41__;1 21 f)_;,zl;l:_7 d
1-3d/4-7d n (%)
n (%) ’
GCS
3-5
20 (66.7)/56 (81.2) 10 (33.3)/13 (18.8) 0.306/<0.001
6-12 69 (54.8)/33 (37.9) 57 (45.2)/54 (62.1)
SLSEP
Ab lity of N20
norma ity o 86 (61.0)/89 (64.5) 55 (39.0)/49 (35.5) 0.004/<0.001
Normality of N20 3(20.0)/0 (0) 12 (80.0)/18 (100)
SLSEP
Bilateral ab fN20
ilateral absence o 6 (100)/43 (100) 0 (0)/0 (0) 0.037/<0.001
Appearance of N20 83 (55.3)/46 (40.7) 67 (44.7)/67 (59.3)
BAEP
Ab lity of V
nor@a ity o 67 (61.5)/81 (68.1) 42 (38.5)/38 (31.9) 0.113/<0.001
Normality of V 22 (46.8)/8 (21.6) 25 (53.2)/29 (78.4)
BAEP
Bilateral ab fV
ilateral absence o 10 (100)/34 (100) 0 (0)/0 (0) 0.005/<0.001
Appearance of 79 (54.1)/55 (45.1) 67 (45.9)/67 (54.9)
Total 89 (57.1) 67 (42.9)

GCS, Glasgow Coma Scale; SLSEP, short-latency somatosensory evoked potential; BAEP, brainstem auditory evoked potential.

predictors (Table 3). When compared with 1-3 days after
onset, the prognostic authenticity of the GCS, SLSEP, and
BAEP improved at 4-7 days.

3.4. Analysis of Dynamic Changes of EPs from 1-3 Days to 4-
7 Days after Stroke Onset. From 1-3 days to 4-7 days after
stroke onset, decreases were noticed with the GCS (from
6-12 to 3-5) in 103 patients; deteriorations were noticed
with SLSEP N20 (upgrade, for example, from Grade 2 to
Grade 5) in 74 patients with BAEP wave V (upgrade) in

62 patients. These worsening changes were all significant in
the different outcomes (P < 0.05). Sixty-six of 74 patients
(89.2%) with worsening SLSEP and 60 of 62 patients (96.8%)
with worsening BAEP ultimately had unfavorable outcomes
(Table 4).

4. Discussion

We found that SLSEP and BAEP can predict unfavorable
outcomes of stroke patients more accurately when assessed at
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TABLE 3: Prognostic authenticity of possible predictors for unfavorable outcomes at 1-3 d and 4-7 d after stroke onset.

Prognostic predictors

Sensitivity
% (95% CI)
1-3d/4-7d

Specificity
% (95% CI)
1-3d/4-7d

Positive predictive
value % (95% CI)
1-3d/4-7d

Negative predictive
value
% (95% CI)
1-3d/4-7d

Positive likelihood
ratios
% (95% CI)
1-3d/4-7d

GCS
3-5

SLSEP

Abnormality of N20

Bilateral absence of N20

BAEP

Abnormality of V

Bilateral absence of V

22.5 (14.6-32.8)/
62.9 (52.0-72.7)

96.6 (89.8-99.1)/
100 (94.8-100)

6.7 (2.8-14.6)/
48.3 (37.7-59.1)

75.3 (64.8-83.5)/
91.0 (82.6-95.8)
11.2 (5.8-20.1)/

38.2 (28.3-49.2)

85.1 (73.8-92.2)/
80.6 (68.8-88.9)

17.9 (90.0-29.6)/
26.9 (171-39.3)

100 (93.2-100)/
100 (93.2-100)

373 (26.1-50.0)/
43.3 (31.4-55.9)
100 (93.2-100)/
100 (93.2-100)

66.7 (471-82.1)/
81.2 (69.6-89.2)

61.0 (52.4-69.0)/
64.5 (55.8-72.3)

100 (51.7-100)/
100 (89.8-100)

61.5 (51.6-70.5)/
68.1 (58.8-76.1)
100 (65.5-100)/
100 (87.4-100)

45.2 (36.4-54.3)/
62.1 (51.0-72.1)

80.0 (51.4-94.7)/
100 (78.1-100)

44.7 (36.6-53.0)/
59.3 (49.6-68.3)

53.2 (38.2-67.6)/
78.4 (61.3-89.3)
45.9 (37.7-54.3)/
54.9 (45.7-63.9)

151 (0.76-3.00)/
3.24 (1.94-5.42)

118 (1.05-1.33)/
1.37 (1.18-1.58)
9.10 (0.52-160.13)/
65.22
(4.09-1040.76)

1.20 (0.96-1.50)/
1.60 (1.29-2.00)
15.17 (0.91-255.14)/
5157 (3.22-826.44)

GCS, Glasgow Coma Scale; SLSEP, short-latency somatosensory evoked potential; BAEP, brainstem auditory evoked potential.

TABLE 4: Analysis of dynamic changes of EPs from 1-3 days to 4-7 d after stroke onset.

Unfavorable  Favorable Positive Negative Positive
Prognostic outcome outcome P value Sensitivity Specificity predictive predictive likelihood
predictors (mRS 5-6) (mRS 1-4) % (95% CI) % (95% CI) value value ratios
n (%) n (%) % (95% CI) % (95% CI) % (95% CI)
GCS
Worse (from 65 38 0.041 73.0 26.9 63.1 36.8 1.00
6-12 to 3-5) (63.1) (36.9) : (62.4-81.6)  (16.0-41.3)  (53.0-722)  (22.3-54.0)  (0.81-1.23)
SLSEP
66 8 74.2 88.1 89.2 72.0 6.21
Worse (upgrade) g5 5, (10.8) <0.001 (63.6-82.6)  (773-94.3)  (793-94.9)  (60.8-81.0) (3.20-12.04)
BAEP
6 2 674 97.0 96.8 69.1 22.58
Worse (upgrade) g o) (3.2) <0001 (566-76.8)  (88.7-99.5)  (878-99.4)  (587-78.0)  (5.72-89.12)

GCS, Glasgow Coma Scale; SLSEP, short-latency somatosensory evoked potential; BAEP, brainstem auditory evoked potential; 95% CI, 95% confidence

intervals.

4-7 days after stroke onset than at 1-3 days. Brain edemas take
place 3-4 days after stroke, and increased intracranial pres-
sure peaks at 4-7 days [7]. Patients often worsen during this
time period. The predictive timing of acute stroke assess-
ments at 4-7 days after onset is believed to more accurately
reflect brain function than assessments at 1-3 days. We also
found that SLSEP and BAEP have better predictive accuracy
for brain function than GCS.

The absence of N20 indicates an extensive injury of the
cerebral cortex and therefore a poor outcome. From our data,
the specificity and PPV of bilateral absence of N20 were both
100% within 7 days after stroke onset, which was best among
predictors and as good as that of bilateral absence of V of
BAEP. SLSEP N20 is generated from a large section of the
cortex-subcortex area. After a large number of neurons and/
or axes are damaged, N20 will be completely absent. In prior
studies, the bilateral loss of SLSEP component N20 in severe

brain damage often implied a fatal prognosis in all adult
patients (specificity = 93.3% and sensitivity = 59.3%). Only a
young child with predominant brainstem hemorrhagic con-
tusion regained consciousness with mild-to-moderate resul-
tant neurological deficits (Glasgow Outcome Scale 3-4) dur-
ing long-term follow-up of 4 years [17, 18]. We observed that
although bilateral N20 emerged in some cases, any N20
abnormality also indicated the possibility of poor outcomes.
The sensitivity and NPV of either lateral abnormality of N20
were 100% for unfavorable prognosis.

The bilateral absence of wave V was also a reliable predic-
tor of poor outcomes, especially for bilateral abnormalities.
In the present study, the specificity and PPV of the bilateral
absence of V were both 100% within 7 days after stroke onset,
which was also best among predictors. This is consistent with
Liu’s findings about patients with putaminal hemorrhage [19].
The BAEP wave V is a robust indicator of brainstem function.
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If any primary or secondary supratentorial disease deterio-
rates and impairs the function of brainstem, the V of BAEP
originating from the inferior colliculus will first change [6].
Therefore, BAEP wave V is the most reliable predictor for
unfavorable outcome of supratentorial stroke.

The worsening of the SLSEP and BAEP between 1-3 days
and 4-7 days also provided a prognostic value. Our dynamic
assessments found that the GCS, SLSEP, and BAEP worsened
in some patients within 7 days after stroke. For more than
one-third of 156 patients, the SLSEP and BAEP worsened,
and most of these affected patients (89.2-96.8%) had poor
outcomes. This indicated that worsening SLSEP and BAEP
might be a reliable predictor of the degree of irreversible dete-
rioration. Additionally, the reliability increased with serial
recordings. In conclusion, patients with uncertain prognoses
1-3 days after stroke should be further evaluated, especially
for the SLSEP and BAEP, to discover the brain function
changes for proper and timely clinical decisions [20].

5. Conclusions

From this study, 4-7 days after stroke onset was a better
timing for predicting outcome, and the SLSEP N20 and BAEP
wave V were the most reliable predictors for patients with
severe supratentorial strokes. Predictors at 1-3 days after
stroke can provide reference values; the worsening of the
SLSEP and BAEP between 1-3 days and 4-7 days could pro-
vide a strong prognostic value. This study was limited by the
small sample size and the use of patients from a single center
and could be further expanded by conducting a prospective
multicenter study.
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Background. Data on potential variations in delivery of appropriate stroke care over time are scarce. We investigated temporal
changes in the quality of acute hospital stroke care across five national audits in Europe over a period of six years. Methods. Data
were derived from national stroke audits in Germany, Poland, Scotland, Sweden, and England/Wales/Northern Ireland participating
within the European Implementation Score (EIS) collaboration. Temporal changes in predefined quality indicators with comparable
information between the audits were investigated. Multivariable logistic regression analyses were performed to estimate adherence
to quality indicators over time. Results. Between 2004 and 2009, individual data from 542,112 patients treated in 538 centers
participating continuously over the study period were included. In most audits, the proportions of patients who were treated on a
SU, were screened for dysphagia, and received thrombolytic treatment increased over time and ranged from 2-fold to almost 4-fold
increase in patients receiving thrombolytic therapy in 2009 compared to 2004. Conclusions. A general trend towards a better quality
of stroke care defined by standardized quality indicators was observed over time. The association between introducing a specific
measure and higher adherence over time might indicate that monitoring of stroke care performance contributes to improving
quality of care.

1. Introduction population [1-9]. In most of these audits, regular benchmark-
In several countries, mainly from Europe and Northern ing activities were implemented by comparing measures of
America, stroke audits were implemented to provide infor- ~ quality of care between the participating centers on a national

mation on the quality of acute hospital care for the local or regional level [10].
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Assessing potential trends in quality of stroke care over
time within existing audits might be useful for identifying
factors influencing changes in delivery of appropriate care
on the population level. For example, specific strategies
suspected to drive improvement in clinical practice and
service development [11] could be linked with variations in
quality of care observed within a given region. However, most
previously published audit data did not provide distinct infor-
mation of trends in quality of care over time [12-16]. There are
only a few publications addressing temporal trends in quality
of care [8, 9]. In addition, variations in methodology, data
documentation, and variable definition of exiting audits in
Europe currently hamper direct comparability of data from
different national or regional audits [10]. Therefore, little data
on time trends regarding delivery of appropriate stroke care
in different countries or regions is available.

We investigated variations in quality of acute stroke
care across five national audits in Europe using comparable
variable definitions and assessed time trends in delivery of
appropriate care over a period up to 6 years.

2. Methods

2.1. Data Collection. Data were derived from stroke audits
participating within the European Implementation Score
(EIS) project. The EIS Project is a European Union funded
project (number 223153) aiming at developing a European
methodology to assess the implementation of research evi-
dence into practice. The selection and the characteristics of
national or regional stroke audits participating in the EIS
project have been described previously [8]. For the present
analyses, audits providing datasets on more than two years
of documentation during the study period 2004-2009 were
included. Therefore, the Catalan Stroke Audit was excluded
from the present analysis and the following stroke audits were
included: the German Stroke Register Study Group [ADSR],
Germany, the Hospital Stroke Registry of National Program
for Prevention and Treatment of Cardiovascular Diseases
[POLKARDY], Poland, the Scottish Stroke Care Audit [SSCA],
Scotland, the National Stroke Register in Sweden [Riks-
Stroke], Sweden, and the National Sentinel Audit of Stroke
[NSSA], England/Wales/Northern Ireland. An overview on
the characteristic of the participating audits was published
previously [17]. The study was limited to end at 2009 due to
the end of the EIS project.

2.2. Data Definition. The following variables were docu-
mented in a comparable way over time across at least four
of the five audits: demographics: age; sex; dependency pre-
stroke (dependent, independent); stroke subtype (ischemic
stroke [IS], intracerebral haemorrhage [ICH], and unde-
fined [UND]); admission: time interval between onset and
admission (<3h, >3 h/missing); day of admission (week-
end; weekday); comorbidities/risk factors: atrial fibrillation
[AF] (No/Yes); process of care: brain imaging (No/Yes);
intravenous treatment with tissue-plasminogen-activator [rt-
PA] (No/Yes); Stroke Unit [SU] treatment (No/Yes); testing
for swallowing disorders (NO/YES or unassessable if docu-
mented); antiplatelet therapy during hospital stay (No/Yes);
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anticoagulant therapy during hospital stay or recommended
at discharge (No/Yes); length of hospital stay (days); level of
consciousness an admission or worst level during first week
(awake/disturbed). The definitions of the variables involved
in the present analysis were stable over the whole time period
in the participating audits. A standardized codebook was
developed in cooperation with audit representatives before
the data were pooled. The recoding of the variables was
subsequently verified by audit representatives. Results were
also checked by comparing outputs of this analysis with
publications (e.g., papers or reports) of the participating
audits.

2.3. Quality Indicators [QI]. Based on these variables the
following quality indicators were calculated with inclusion
and exclusion criteria proposed by a European consensus
group: screening for dysphagia (numerator: number of stroke
patients screened for swallowing disorders or patients that
are unassessable; denominator: all patients with IS, ICH, or
UND); thrombolytic therapy (numerator: number of stroke
patients treated with rt-PA; denominator: all patients with IS
aged 18-80 years); treatment on a SU (numerator: number
of stroke patients treated on a SU; denominator all patients
with IS, ICH, or UND); antiplatelet therapy (numerator:
number of patients receiving antiplatelet therapy during
hospital stay or at discharge; denominator: all patients with
IS alive at discharge and without anticoagulant treatment);
and anticoagulant therapy (numerator: number of patients
treated with anticoagulants at discharge or recommended at
discharge [Poland without recommendation at discharge];
denominator: all patients with IS and AF alive at discharge).

2.4. Statistical Analysis. For estimating the probability of
adhering to a specific quality indicator over time within a
respective audit, multivariable logistic regression analyses
were performed. Analyses were adjusted for age (age group),
sex, stroke subtype (if applicable), day of admission (weekend
versus weekday), AF, and level of consciousness on admission
(ADSR, POLKARD, Riks-Stroke) or within the first week
(NSSA). For the adjusted point estimates, corresponding 95%
confidence interval was calculated. The reference category
was the year in which information for the respective quality
indicator was available for the first time. To address a
potential selection bias by nonmandatory participation in
some of the audits, main analyses are based on centers
participating continuously over the whole study period. As
sensitivity analyses, performed calculations were repeated
with inclusion of all centers during the assessed time period.
The category “unassessable” for screening for dysphagia was
not documented in all audits. Therefore, as sensitivity analysis
for audits not documenting the category “unassessable” all
analyses were repeated restricting patients with no disturbed
level of consciousness.

For taking into account clustering of patients in cen-
ters with possibly different time trends in quality of care,
mixed effects modelling with random effects was applied.
Therefore a hierarchical logistic regression model with a
random intercept for centers was calculated with the SAS
procedure PROC GLIMMIX. The variance component of the
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TaBLE 1: Characteristics of participating audits, 2004-2009".
ADSR POLKARD SSCA Riks-Stroke NSSA
Number of centers” 193 45 18 74 208
No. of patients per center per year, median (IQR)

2004 143 (75-372) 205 (160-264) 0 256 (169-435) 40 (37-40)
2005 164 (80-360) 141 (76-188) 369 (225-514) 277 (183-426) 0
2006 0 0 269 (187-501) 270 (170-418) 66 (48-79)
2007 217 (85-456) 280 (168-342)" 339 (188-514) 261 (165-423) 0
2008 253 (79-535) 51 (33-69)" 382 (210-578) 269 (165-399) 59 (50-60)
2009 346 (86-616) 0 297 (191-601) 268 (177-427) 0

*Center participating continuously over the whole study period only; patients with missing center allocation or with missing/default year of admission

were not considered; “number of centers referring to participating center, trusts, or departments; IQR: interquartile range; 'no complete calendar years of

documentation.

random intercept represents the between-centers variance.
For calculating the proportion of the total variance explained
by the level 2 variable the concept of the variance partition
coeflicient (VPC) was used. The latent variables method
introduced by Snijders and Bosker [18] was used to calculate
the VPC. Statistical analyses were performed using the SAS
9.2 Software Package.

2.5. Standard Protocol Approvals, Registrations, and Patient
Consents. The study was approved by the ethics committee
of the Charité-Universitatsmedizin Berlin (EA4/097/10) and
is registered by ethics committee of the Medical Faculty of the
University of Wiirzburg (215/11).

3. Results

Between 2004 and 2009, 930,978 patients (range between
audits: 31,723 to 660,070) from 1,170 centers (trusts, hospitals,
health boards, or departments; range between audits: 18
to 712) were registered within the participating audits. The
presented results were restricted on centers participating
continuously over the whole study period. The percentage of
centers with continuous documentation ranged from 22% to
100% between audits. Centers not participating continuously
had smaller numbers of patients (data not shown). Overall,
542,112 patients (range between audits: 31,155 to 303,023) were
documented within the 538 centers (range between audits:
18 to 208) participating continuously over the whole study
period (Table 1). The baseline characteristic of these patients
is shown in Table 2.

3.1 Variations in Quality of Care over Time. The main results
of univariate and multivariable analyses are presented in
Table 3. A constant increase in the probability of screening
for swallowing disorders was observed within the ADSR,
Riks-Stroke, and NSSA with substantially lower absolute
numbers within the ADSR. There was no clear time trend
in the SSCA from 2005 to 2008 for screening for swallowing
disorders until an increase in 2009. Restricting analyses
to patients without disturbances of consciousness did not
change results substantially (data not shown). Rates of throm-
bolysis increased in ischemic stroke patients aged 18—-80 years
in Riks-Stroke and the ADSR over time with a higher absolute

proportion of patients receiving thrombolytic therapy within
the ADSR. No clear time trend in the rate of thrombolysis
was seen for POLKARD. Probability of receiving Stroke Unit
treatment increased continuously in SSCA, Riks-Stroke, and
NSSA with highest relative increase in the NSSA. No clear
temporal patterns in antiplatelet therapy were observed in
most audits except for the ADSR where rates of antiplatelet
therapy were constantly increasing since 2007. Anticoagulant
therapy in patients with atrial fibrillation increased in the
ADSR and Riks-Stroke, both with an increase starting from
2007 onwards. No clear temporal changes in proportions
of patients receiving anticoagulation were observed for
POLKARD, the SSCA, and NSSA. No substantial differences
were observed in the participating audits regarding variations
in the investigated quality indicators over time when all
centers were included in the analyses (data not shown).

To account for between-centers variations, variance par-
tition coefficients (VPCs) are reported in Table 3. Between-
centers variations differ between the audits as well as between
quality indicators. For example, between-centers variation
is very low for antiplatelet and anticoagulant therapy but
substantially higher for treatment on a SU for some audits.

4, Discussion

For the first time, individual data from five prospective
national stroke audits in Europe were pooled and analyzed
over a 3- to 6-year time period between 2004 and 2009
when the EIS project was over. In most of the audits, a
general trend towards a better quality of stroke care defined
by standardized quality indicators was documented over the
study period, mainly for swallowing testing, thrombolytic
therapy, and Stroke Unit treatment. However, there were also
some performance measures, such as antiplatelet therapy or
anticoagulation in IS patients with AF, where no substantial
variations in quality of care over time were observed in
most of the audits. In some audits, a steeper increase from a
specific year onwards in the defined performance measures
was detected that might exceed a general constant trend
toward a better provision of quality of stroke care.

Only a few studies investigated up to now time trends in
delivery of quality of care within established audits. Similar
to our findings for Riks-Stroke and the ADSR, Ferrari et al.
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TABLE 2: Patient and clinical characteristics, 2004-2009, centers participating continuously over the whole study period”.

ADSR POLKARD SSCA Riks-Stroke NSSA
(n = 303,023) (n = 31,564) (n = 34,962) (n = 141,389) (n = 31,174)

Age, median (IQR) 75 (66-82) 73 (62-80) 75 (66-83) 78 (69-84) 78 (69-85)
Female sex, % 49.4 50.9 51.3 49.3 52.5
Dependency prestroke, %

Independent 774 85.0 84.9 85.0 774

Dependent 22.5 15.0 15.1 15.0 22.6
Stroke subtype, %

Ischemic stroke 85.1 86.6 82.7 84.1 74.3

Intracerebral haemorrhage 9.0 10.5 10.6 11.8 1.7

Unknown/undefined 5.9 2.9 6.7 4.1 14.0
Interval onset-admission, %

<3 hours 29.3 19.3 # 25.2 19.7

>3 hours/missing 70.7 80.7 # 74.8 80.3
Day of admission, %

Weekday 75.7 75.8 75.1 74.9 74.1

Weekend 24.3 24.2 24.9 25.1 25.9
Atrial fibrillation, %

Yes 25.0 224 22.7 28.3 20.0

No 75.0 77.6 77.3 71.7 80.0
Level of consciousness, %"

Awake 83.7 72.9 # 81.5 62.9

Disturbed (drowsy to coma) 16.3 27.1 # 18.5 371

* Analyses were restricted to patients with IS, ICH, or UND and without missing values in the respective variables; IQR: interquartile range; *variable
not documented or not documented in a comparable way; Tlevel of consciousness on admission or during first day except the NSSA, here worst level of

consciousness during first week.

found a consistent increase of thrombolysis rates from 4.9%
in 2003 to 18.3% in 2011 within the Austrian stroke registry
[7]. The Registry of the Canadian Stroke Network (RCSN)
reported slightly higher thrombolysis rates compared to
our findings (14.0%, 2003-2005 [15], and 15.7%, 2003-2008)
[19]. Saposnik et al. reported a similar prescription rate of
antiplatelets at discharge (92.7%) within the RCSN compared
to our study [15]. The only difference to our analysis is that
the RCSN included oral anticoagulants in their definition for
antiplatelets. Similar anticoagulation rates were found within
the Danish Stroke Registry (2003-2011) where 41.5% had
been prescribed anticoagulants and 35.7% were registered as
having a contraindication [16]. The proportion of patients
being tested for swallowing disorders also substantially varied
in previous studies. Some studies such as the PCNASR
and the RCSN found lower screening rates for swallowing
disorders (45.5%, 2001-2004; 56.7%, 2005-2007; and 56.0%,
2003-2005, resp.) compared to our data, except the ADSR [12,
15]. The PCNASR excluded patients who were on “nothing
per oral.” Higher rates of assessment of swallowing disorders
than in our study were reported from the population-based
South London Stroke Register (SLSR), where 90.4% of the
patients got a screening for swallowing disorders in 2004-
2006 and 87.9% between 2007 and 2009 [20]. The SLSR
observed also slightly higher SU admission rates between
2004 and 2006 of 76.4% and between 2007 and 2009 of 78.4%
compared to the data from the NSSA [20].

There might be a number of potential reasons causing
temporal changes of quality of acute stroke care within the
different countries such as introduction of a new health care
policy or new guidelines. For example, testing for swallowing
disorders was implemented as quality indicator within the
ADSR the first time in 2006 [21] and its documentation
within Riks-Stroke in Sweden started in 2007 [22]. A similar
increase of performance could be observed in both stroke
audits after start of the documentation, but the ADSR started
on a substantially lower level. This increase might reflect
a better performance of the individual hospitals due to
drawing attention to this measure. However, the increase
might also be caused by a better documentation of hospitals
within the audits, which might be perceived as improvement
of quality of care in itself. However, also other methods
of implementation, for example, better finance for stroke
services and restructuring of stroke services, might have been
reasons for improvement of quality of care [11]. The UK
National Stroke Strategy 2007 recommended screening for
dysphagia within 24 hours [23]. A consistent increase for
screening for dysphagia has been reported within the NSSA
already since 2006. The largest increase for thrombolysis
was documented in the Swedish audit from 2006 onwards.
Accordant to this finding, the Swedish acute care guidelines
from 2005 recommended thrombolysis as an important part
of the treatment of stroke patients [24]. The National Stroke
Strategy in the UK recommended in 2007 the timely access
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for 75% of stroke patients to an acute Stroke Unit [23]. This
figure was already nearly achieved in 2008 based on the
audit data (72.8%). Consistently high levels of antiplatelet
therapy were observed within the NSSA. The proportion of
about 97% of patients treated with antiplatelets at discharge
in the NSSA might represent a ceiling effect with the highest
possible treatment proportion. The 2004 National Clinical
Guideline for Stroke already recommended the prescription
of antiplatelet agents for all patients with ischemic stroke or
TIA who are not on anticoagulation [25]. The substantial
increase in uptake of antiplatelet therapy in ischemic stroke
patients in the ADSR between 2005 and 2007 may be
explained by the revised guideline on the topic of diagnostic
and therapy in neurology in 2005 that recommended also
antiplatelets in the early stage after stroke [26]. The between-
centers variation was mostly low, except for Stroke Unit
treatment. Differences might be partly explained by voluntary
participation in some of the audits (ADSR, POLKARD).

The study has limitations. Within the study, data from
existing audits across Europe were analyzed. In contrast to
other initiatives [27], there was no agreement on a common
set of variables or a common method of data collection before
the study took place. In addition, data were collected using
different approaches (e.g., documentation of consecutively
admitted patients by staff members versus chart review for
defined sample of patients). Therefore, we cannot exclude that
variations in data collection methods might have introduced
some information bias in our analyses. There was no complete
or no comparable information over time for some of the
investigated quality indicators across all audits. In some
of the audits (e.g., ADSR or POLKARD), there were no
formal checks established for estimating completeness of case
ascertainment neither within a center nor of centers included
within a country as the participation of hospitals within
the audit initiatives was voluntary. Therefore, we cannot
exclude that some of the findings were caused by selection
biases rather than real changes in quality of care provided,
for example, by variations in case mix or patient selection
across participating centers and countries. To maintain data
accuracy, all of the audits used data validation tools such
as plausibility checks. Additionally, source data verification
was conducted by some of the audits. No outcome data
such as death or disability at 90 days could be calculated
due to the limited availability within the audits. It remains
unclear if the increasing number of patients per center
observed in some of the audits might be caused by a more
complete documentation within the center or by increasing
admission rates within the participating centers. However,
restricting analysis to centers with complete information over
the whole time period yielded similar estimates compared to
including all centers in the analyses. We had only very limited
information regarding the characteristics of the participating
centers within the audits. Therefore, we were not able to
investigate the potential influence of the center characteristics
on time trends of appropriate care delivery. Unfortunately, we
did not have comparable information on stroke severity based
on standardized instrumental scales across audits because the
audits used different scales for assessing stroke severity (e.g.,
NIHSS, Glasgow coma scale, and level of consciousness). We
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therefore used level of consciousness as proxy for adjusting
for stroke severity. Furthermore, data were derived between
2004 and 2009 and the situation may have changed since
then.

5. Conclusions

Heterogeneous patterns were identified in the five participat-
ing European audits regarding trends in quality of care over
time. A general trend towards a better quality of stroke care
provided over the study period was observed in most audits.
The introduction of a specific performance measure within an
audit activity might contribute to improved quality of acute
stroke care provided over time.
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Diabetes mellitus is known to exacerbate acute cerebral ischemic injury. Previous studies have demonstrated that infarction volumes
caused by transient cerebral ischemia were greater in diabetic rats than in nondiabetic rats. Tumor necrosis factor-o (TNF-«) is
a proinflammatory protein produced in the brain in response to cerebral ischemia that promotes apoptosis. Etanercept (ETN), a
recombinant TNF receptor (p75)-Fc fusion protein, competitively inhibits TNF-a. Therefore, we evaluated the neuroprotective
effects of chronic or acute treatment with ETN on cerebral injury caused by middle cerebral artery occlusion/reperfusion
(MCAO/Re) in rats with streptozotocin-induced diabetes. Furthermore, we evaluated the effects of ETN against the apoptosis and
myeloperoxidase activity. Single administration of ETN before MCAO significantly suppressed exacerbation of cerebral damage
in nondiabetic rats, as assessed by infarct volume. In contrast, the diabetic state markedly aggravated MCAO/Re-induced cerebral
damage despite ETN treatment within 24 h before MCAO. However, the damage was improved by repeated administration of ETN
at 900 pg/kg/daily in rats in an induced diabetic state. These results suggested that repeated administration of ETN can prevent

exacerbation of cerebral ischemic injury in the diabetic state and is mainly attributed to anti-inflammatory effects.

1. Introduction

Diabetes mellitus (DM) is a metabolic disorder associated
with chronic hyperglycemia, which is known to enhance
systemic oxidative stress, predisposing patients to diabetic
complications. World Health Organization data show that
approximately 386 million people worldwide are currently
suffering from diabetes, which is a major risk factor for
atherosclerotic diseases, such as acute brain ischemia [1, 2].
Moreover, diabetic patients have a higher risk of stroke than
nondiabetic patients and are more likely to have a poor
prognosis and increased mortality after stroke [3, 4]. Previous
studies have demonstrated that diabetes increased oxidative
stress and inflammation in the brain [5] and aggravated
cerebral ischemic injury in animal models [6-8]. Brain injury

induced by focal ischemia is characterized by significant
and rapid upregulation of cytokines, such as tumor necrosis
factor-a (TNF-«). It is well known that inflammation has
an essential role in the pathogenesis of transient cerebral
ischemic injury [9].

TNF-« is a proinflammatory cytokine produced not only
by macrophages but also by a broad variety of other cell
types, such as endothelial cells, adipose tissue, fibroblasts,
and neuronal tissue. Furthermore, TNF-« has been impli-
cated in the pathogenesis of several central nervous system
disorders, including cerebral ischemia, Parkinson’s disease,
and brain injury [10], as central mediators of tissue injury
and inflammation. Extracellular TNF-« interacts with two
cognate receptors, such as low-affinity p55 (TNFR1) and high-
affinity p75 (TNFR2). Moreover, the activation of TNFRI
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predominantly results in initiation of caspases involved in
apoptosis [11, 12]. Thus, intracellular signaling suppression by
TNF-« inhibition may be expected to be neuroprotective.

Etanercept (ETN) is a completely human fusion TNEF-
soluble receptor that inhibits the effect of the proinflam-
matory cytokine TNF-«, which has an important role in
synovitis and joint damage in rheumatoid arthritis (RA) [13].
ETN acts as a decoy receptor by binding to TNF-& and TNF-
B. ETN has been approved for treatment of RA in Japan since
2005 to reduce the biological activity of TNF by inhibiting the
interaction between TNF receptors and TNF, and a marked
effect on RA has been observed. In contrast, patients with
ischemic stroke or diabetes have been recognized to show
higher plasma concentrations of TNF-a, which is caused
by elevated inflammation. Moreover, it has been reported
that TNF-a concentration is increased in the cerebrospinal
fluid in the ischemia. In the previous report, the traumatic
brain injury- (TBI-) induced overproduction of IL-1/3, TNE-
o, and IL-6 in serum was significantly reduced by anti-
TNF-« blockers. In contrast, etanercept therapy significantly
increased the serum levels of IL-10 during TBI in rats. Fur-
thermore, inhibition of gliosis has been observed in the brain
[14]. In addition, NMDA receptor antagonist (MK801) and
dexmedetomidine treatment has been reported to inhibit the
production of TNF-« and improve cerebral infarction in the
MCAO model [15, 16]. In recent years, inflammatory markers
have been attracting attention as potential diagnostic markers
(17, 18]. Therefore, the inflammatory reactions occurring
in ischemic brain damage have increased interest in the
development of therapies.

The objective of this study was to determine whether
ETN-induced inhibition of TNF-« biological activity could
improve brain damage caused by cerebral ischemia in
streptozotocin- (STZ-) induced diabetic rats.

2. Materials and Methods

2.1. Animals and Reagents. Male Sprague-Dawley rats (4
weeks old, weight 120-140 g) were purchased from Japan SLC
(Shizuoka, Japan) and housed under standard conditions in
a temperature-controlled environment (23°C + 0.5°C) with
a cycle of 12h of light and 12h of darkness. The animals
were allowed free access to rodent chow (CE-2; CLEA Japan,
Tokyo, Japan) and water. Type 1 diabetes was induced in
the rats by a single intraperitoneal injection of STZ (Sigma-
Aldrich, St. Louis, MO, USA) (50 mg/kg of body weight)
dissolved in 0.1mM sodium citrate, pH 4.5 (diabetic; DM
group), and the normal control rats (nondiabetic; non-DM
group) were injected with the buffer only [6, 19]. Seven days
after the injection of STZ, a blood sample was collected
by tail vein paracentesis, and then plasma glucose was
measured using a glucose analyzer (Ascensia; Bayer Yakuhin,
Osaka, Japan). Diabetes was defined as a blood glucose level
>300 mg/dL. Following this, the DM and non-DM groups
were divided into two groups each, and the rats were housed
for additional 6 weeks until stroke was induced by middle
cerebral artery occlusion/reperfusion (MCAO/Re). Animal
care and surgical procedures were performed in accordance
with the guidelines approved by the National Institutes of
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Health (USA) and the Josai University Animal Research
Committee. ETN was purchased from Pfizer Japan Inc.
(Tokyo, Japan). The rats subjected to MCAO were divided
into six treatment groups: Treatment 1, where non-DM rats
were treated with ETN (300, 450, and 900 pg/kg, i.p.) within
24 h before MCAO, Treatment 2, where non-DM rats were
treated with ETN (300, 450, and 900 ug/kg, i.v.) immediately
after MCAO, Treatment 3, where non-DM rats were treated
with ETN (300, 450, and 900 pg/kg, i.v.) immediately after
MCAO/Re, Treatment 4, where DM rats were treated with
ETN (450 and 900 ug/kg, i.v.) within 24h before MCAO,
Treatment 5, where DM rats were treated with ETN (450
and 900 ug/kg, i.v.) immediately after MCAO, and Treatment
6, where ETN (450 or 900 ug/kg, twice/week, ip.) was
repeatedly administered after the onset of diabetes for 5
weeks.

2.2. Middle Cerebral Artery Occlusion/Reperfusion. The ex-
perimental MCAO/Re rat model was prepared as described
previously [6, 19]. The rats were anesthetized with 4%
halothane and maintained with 1.5% halothane and 30% oxy-
gen under spontaneous respiration. After a midline incision
on the neck, the right common carotid artery was exfoliated
under an operating microscope. All of the branches of the
external carotid artery were ligated and isolated. The tip
of the 4-0 surgical nylon monofilament rounded by flame
heating was inserted through the internal carotid artery.
When mild resistance was felt, the insertion was stopped.
After occlusion for 2 h, the filament was withdrawn to enable
reperfusion. The distance from bifurcation of the common
carotid artery to the tip of the suture was approximately
20 mm in all of the rats. Cerebral blood flow was measured by
laser Doppler flowmetry (ATBF-LC1; Unique Medical, Tokyo,
Japan), and approximately 50% reduction of the baseline flow
rate associated with MCAOQ was established in the non-DM
and DM rats. The rats were allowed to recover from anesthesia
at room temperature. The rectal temperature was maintained
at 37°C using a heat lamp and a heating pad during the
operation. All of the rats were killed after 24 h of reperfusion.
A sham (control) operation involved the same manipulations
but without insertion of the monofilament.

2.3. Plasma TNF-« Concentration. Enzyme-linked immun-
osorbent assay (ELISA) kits (Shibayagi, Gunma, Japan) were
used according to the manufacturer’s instructions to deter-
mine the secretion of TNF-« in plasma.

2.4. Infarction Assessment. After 24 h of reperfusion, the rats
were subjected to general anesthesia using halothane and
then decapitated. The brain was immediately removed and
placed in ice-cold saline. Each brain was then placed in a
brain matrix, and coronal sections were cut into 2 mm slices.
The brain slices were immediately immersed in 2% 2,3,5-
triphenyl tetrazolium chloride (TTC) (Wako Pure Chemicals
Industries, Osaka, Japan) at 37°C for 15 min and then in 4%
formaldehyde [19, 20]. Following this, infarction areas were
identified by an image analysis system (Scion Image 1.62;
Scion Corporation, Frederick, MD, USA) and were combined
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to obtain the infarction volumes per brain according to
the following formula: corrected infarction volume (%) =
[left hemisphere volume — (right hemisphere volume — the
infarction volume)] x 100/left hemisphere volume.

2.5. Neurological Evaluation. Postischemic neurological
deficits were evaluated after 24 h of reperfusion on a five-
point scale as follows: grade 0, no deficit; grade 1, failure to
tully extend the right forepaw; grade 2, spontaneous circling
or walking to a contralateral side; grade 3, walking only
when stimulated; grade 4, not responding to stimulation
and a depressed level of consciousness; and grade 5, death
[19, 20]. Before MCAO, the neurological score was zero in
all rats. The rats that did not exhibit neurological deficits
after MCAO/Re were excluded from the study. Scoring was
performed blindly on individual animals and averaged in
groups.

2.6. Terminal Deoxyribonucleotidyl Transferase-Mediated
Biotin-16-dUTP Nick End-Labeling Staining. Apoptosis in the
brain tissues was measured by the Apoptosis In Situ Detection
Kit Wako (Wako Pure Chemicals Industries), which is
based on the terminal deoxyribonucleotidyl transferase-
mediated biotin-16-dUTP nick end-labeling (TUNEL)
procedure and involves addition of fluorescein-deoxyuridine
triphosphate to 3'-terminals of apoptotically fragmented
DNA with terminal deoxynucleotidyl transferase followed
by immunochemical detection wusing anti-fluorescein
antibody conjugated with horseradish peroxidase and 3-
3'-diaminobenzidine tetrachloride as a substrate. Coronal
brain sections (8 ym thick) were used for the assay. The
slides were lightly counterstained with hematoxylin and
observed under a microscope (BX51W1; Olympus, Tokyo,
Japan). Quantification of TUNEL-positive cells was achieved
by cell counting in areas of the penumbral cortex affected by
ischemia. Three randomly chosen visual fields were counted
in each region by an investigator without knowledge of the
experimental conditions. The percentage of apoptotic cells
was calculated by the apoptosis index, that is, dividing the
number of positive-stained nuclei by the total number of
nuclei [8].

2.7. Immunohistochemistry. Immunohistochemical staining
was performed as described previously [21, 22]. The brain
was fixed with 4% phosphate-buffered paraformaldehyde.
Coronal brain sections (8 ym thick) were incubated with 3%
hydrogen peroxide for 40 min at room temperature to inhibit
endogenous peroxidase and then incubated with blocking
buffer (4% Block Ace; Dainippon Sumitomo Pharma, Osaka,
Japan) for 2h. Following this, the slices were incubated
with polyclonal rabbit anti-TNF-« antibody (1:200; Hycult
Biotech, PB Uden, Netherlands) and monoclonal mouse anti-
myeloperoxidase (MPO) antibody (1:100, Hycult Biotech)
in 10 mmol/L phosphate-buffered saline (PBS) overnight at
4°C. After washing with PBS, the slices were incubated
with either Cy3-conjugated donkey anti-rabbit IgG antibody
(1:200; Millipore, Billerica, MA, USA) or FITC-conjugated
goat anti-mouse IgG antibody (1:100; Zymed Laboratories,
San Francisco, CA, USA) at room temperature for 2h.
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FIGURE 1: TNF-a concentrations in plasma after cerebral ischemia.
The quantity of TNF-« in plasma after ischemia was determined by
enzyme-linked immunosorbent assay. The open column is the non-
DM group, and the closed column is the DM group. Data are means
+ SDs (n = 4-5 per time point). “P < 0.05 versus corresponding
values for non-DM. DM, diabetes mellitus; ND, not determined;
TNE tumor necrosis factor.

Finally, the sections were incubated with the nuclear stain
TO-PRO-3 (1:10,000; Invitrogen, Carlsbad, CA, USA) in PBS
for 10 min at room temperature with gentle agitation, washed,
and mounted using a 70% glycerol mounting medium.
Immunofluorescence was visualized by a laser scanning
confocal microscope (FluoView FV1000; Olympus). Fluores-
cence intensity was measured by imaging software (FV10-
ASW 17; Olympus). Analyses of immunohistochemistry
were performed by an investigator blinded to the treatment
protocol. Three sections per rat and three to four rats per
group were used for the analyses.

2.8. Statistical Analysis. The data are presented as mean +
SD. Two-way ANOVA and the subsequent post hoc Tukey’s
multiple comparison test were used for statistical analysis.
Neurological deficit scores were analyzed by performing
Kruskal-Wallis test followed by Mann-Whitney U test. In all
cases, a P value of < 0.05 was assumed to denote statistical
significance.

3. Results

3.1. Blood Glucose and Body Weight. Body weight and blood
glucose data from the experimental rats were obtained
throughout the study period (Table 1). The DM group had
significantly decreased body weights and increased blood
glucose levels relative to those of the non-DM control group.
There were no significant differences in these parameters
between the ETN-treated groups and their controls (data not
shown).

3.2. Temporal Change in Plasma TNF-o Levels after Transient
MCAO with Reperfusion. The plasma levels of TNF-« in the
non-DM and DM groups were measured by ELISA (Figure 1).
The concentration of TNF-« was gradually increased after
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FIGURE 2: Effects of ETN on infarction induced by cerebral ischemia in non-DM and DM rat brains. (a) Representative coronal brain sections
of the non-DM rats and the ETN group stained by TTC for various ETN administration conditions after reperfusion. (b) Representative
coronal brain sections of the DM rats and the ETN group stained by TTC under various ETN administration conditions after reperfusion.
The closed and open columns are the vehicle and ETN groups, respectively. Scale bar = 5 mm. Data are the means + SDs (n = 3-6 per time
point). ***P < 0.05 and 0.01 for statistical significance compared with the vehicle group. DM, diabetes mellitus; ETN, etanercept; TTC,

2,3,5-triphenyl tetrazolium chloride.

TaBLE 1: Body weight and blood glucose levels in the non-DM and
DM groups of rats.

Group Body weight (g) Blood glucose (mg/dL)
Non-DM 364 +27 123+11
DM 261 +29** 423 + 47**

The data are the means + SD.
** P < 0.01 versus the non-DM group (1 = 60).
DM, diabetes mellitus (n = 60).

reperfusion in the non-DM rats. In contrast, the amount
of TNF-« was significantly increased (about 40-fold) in the
sham-operated DM rats relative to that in the sham-operated
non-DM rats. Furthermore, in the DM rats, TNF-& remained
constant after reperfusion. No difference in the concentration
of TNF-« in the DM rats was observed between sham-
operation rats and after-reperfusion rats.

3.3. Infarction Volume after Transient MCAO with Reperfu-
sion. Figure 2 shows representative coronal brain sections

of the non-DM and DM rats stained by TTC after various
ETN treatments and after or before cerebral ischemia. In the
sham-operated rats, there was no apparent damage in any
brain region. The infarction area in the non-DM after MCAO
with 24 h reperfusion (vehicle-treated) rats was extended to
the corpus striatum and cortex, whereas it was significantly
decreased by ETN treatment (all groups within 24 h before
MCAO or at 450 ug/kg ETN immediately after MCAO).
In contrast, ETN administration to rats immediately after
MCAO/Re did not improve brain damage (Figure 2(a)).
Because the improvement effect was not observed for admin-
istration immediately after MCAO/Re in the non-DM group,
this condition was not examined in the DM group. Instead,
because increased expression of TNF-« was already observed
in the sham DM group, a new group was prepared which
received repeated ETN doses immediately after the onset of
diabetes. Brain injury induced by MCAO/Re was remarkably
exacerbated by DM state. In contrast, reduction of infarction
was not observed in the single-dose group within 24 h before
MCAO/Re or immediately after MCAO in the DM rats.



BioMed Research International

g @» b
=} o o
I

Neurological score

=
o

(=}

Vehicle 300 450 900

300 450 900 300 450 900

Before MCAO  After MCAO After MCAO/Re
(uglkg) (uglkg) (uglkg)
Saline ETN
[ MCAO ] MCAO
Il MCAO/Re MCAO/Re

(a) Non-DM

g » i
o =} <}

Neurological score

=
=}

0
450 90
Before After
MCAO MCAO
(ug/kg)  (ug/ke)
Saline ETN
[0 MCAO [0 MCAO
Il MCAO/Re MCAO/Re
(b) DM

FIGURE 3: Effects of ETN on neurological deficits induced by cerebral ischemia in non-DM and DM rats. Assessment of neuronal damage
after ischemia in non-DM (a) and DM (b) rats was determined by neurological score. Postischemic neurological deficits were evaluated at 2 h
of MCAO and various ETN administration conditions after reperfusion. The shaded column is the MCAO-vehicle group; the closed column
is the MCAO/Re-vehicle group; the open column is the MCAO-ETN group; the hatched column is the MCAO/Re-ETN group. Data are the
means + SDs (n = 3-6). **P < 0.05 and 0.01 versus corresponding values for the MCAO/Re-vehicle group. DM, diabetes mellitus; ETN,

etanercept; MCAO/Re, middle cerebral artery occlusion/reperfusion.

However, repeated administration of 450 ug/kg ETN led
to a decreasing trend of infarction. In addition, significant
improvement was clearly shown by the 900 ug/kg dose
(Figure 2(b)). The timing of administration of saline had no
effect (data not shown).

3.4. Neurological Deficits after Transient MCAO with Reper-
fusion. MCAO for 2h in rats resulted in moderate neuro-
logical deficits, and the neurological evaluation value was
increased (Figure 3). However, the ETN-pretreated (within
24 h before MCAO) non-DM rats showed significant allevia-
tion in the neurological deficits relative to that in the vehicle-
treated non-DM rats. In contrast, in the DM rats subjected
to transient MCAO, severe neurological dysfunction was
observed relative to that in the non-DM rats. In addition,
ETN effect was not observed in the preischemic (within
24 h before MCAO) and immediately after MCAO-treatment
rats. However, ETN-repeated treatment showed a significant
improvement effect on neurological dysfunction caused by
MCAO with reperfusion in diabetic rats. These results were
consistent with those of the cerebral infarction volume.

3.5. Apoptosis Evaluation after MCAO with Reperfusion.
Representative histological images of TUNEL staining in the
non-DM vehicle, ETN-pretreated non-DM, DM vehicle, and
ETN-pretreated DM groups subjected to MCAO and 24h
reperfusion are shown in Figure 4. Similar to the results
of TTC staining, the number of TUNEL-positive cells was
remarkably increased by MCAO/Re in the DM vehicle group
relative to that in the non-DM vehicle group. Pretreatment
of ETN (300, 450, and 900 pg/kg) significantly inhibited
apoptosis activation induced by MCAO/Re in the non-DM
groups. In contrast, ischemia treatment after administration

of ETN (450 and 900 ug/kg) did not inhibit apoptosis in the
DM rats. However, the DM rats were remarkably suppressed
by repeated administration of ETN (450 and 900 ug/kg).

3.6. Inflammatory Activity after Transient MCAO with Reper-
fusion. To assess the effects of ETN treatment on expression
of inflammatory factors, we performed immunohistochem-
ical staining for TNF-a and MPO activities (Figure 5). The
effect of expression of TNF-« in the brain cortex penumbra
on infarction was evaluated by TTC staining in the non-
DM and ischemia-treatment groups. Expression of TNEF-
« was reduced in a dose-dependent manner in the previ-
ous ETN treatment group. Furthermore, non-DM rats that
were injected with ETN immediately after MCAO showed
improvements at both concentrations of ETN (450 and
900 pg/kg). In contrast, the sham-operated DM rats had
an increased number of TNF-a-positive cells. Expression
of TNF-a was remarkably suppressed by repeated admin-
istration of ETN (450 and 900 ug/kg) in the DM rats. To
examine the effect of ETN on the leukocytic infiltration, we
investigated the expression of MPO (Figure 6). The MPO
activity was decreased in a dose-dependent manner of ETN
by the administration within 24 h before MCAO in the non-
DM group. On the other hand, the MPO activity in the cortex
that was increased during ischemia was enhanced in the DM
group relative to that in the non-DM group. However, this
activity was significantly suppressed by repeated administra-
tion of ETN from immediately after the onset of diabetes.

4. Discussion

Presence of diabetes is a risk factor for exacerbation of
acute cerebral ischemic injury after cerebral infarction. In
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FIGURE 4: Effects of ETN on neuronal apoptosis induced by cerebral ischemia in rat brains. Representative photomicrograph and apoptosis
index showing terminal deoxyribonucleotidyl transferase-mediated biotin-16-dUTP nick end-labeling-positive cells in the penumbra cortex
in the non-DM group (a) and DM group (b) treated with ETN before and after ischemia. The closed column is the vehicle group, and the
open column is the ETN group. Scale bar = 100 gm. Data are the means + SDs (n = 3-7). ®**P < 0.05 and 0.01 for statistical significance
compared with the vehicle group. DM, diabetes mellitus; ETN, etanercept.

previous studies, we demonstrated that STZ-induced diabetic
state markedly aggravated MCAO/Re-induced neurological
deficits, infarction, and apoptosis in the rat brain [21].
Furthermore, we showed that levels of superoxide generation
and proinflammatory cytokines (TNF-a and IL-18) were
upregulated in the DM cortex and were remarkably enhanced
during reperfusion after ischemia [21, 22]. Therefore, we
have assumed that the inflammatory response aggravates
ischemic brain damage. The results of microarray analysis
by IL-1p treatment of primary cultured astrocytes have been
reported to give a change in the expression of 1,400 genes such
as cytokines, chemokines, and matrix metalloproteinases
(MMP) [16, 23]. In addition, TNF-a and IL-18 activate the
NF-xB pathway, producing inflammatory materials such as
IL-6. On the other hand, TNF-« and IL-1p are also known to
promote release and production of neuroprotective factors.
Therefore, the balance of the released inflammatory cytokines
and anti-inflammatory cytokines will affect the subsequent
cell failure [23, 24].

Blocking TNF-« has been proven to reduce brain damage
and is considered to provide neuroprotective effects [25].
However, it is not clear if brain damage caused by cerebral
infarctions exacerbated by diabetes is reduced by blocking

TNF-«. We determined whether ETN-induced inhibition of
TNF-«, which is upstream in the inflammatory response
pathway, could provide protective effects against brain dam-
age.

TNF-« is a proinflammatory cytokine that is synthesized
in the brain within 1h of an acute experimental ischemic
stroke [26]. Intracerebroventricular injection of TNF-« exac-
erbates the extent of infarctions in experimental stroke [27].
Recent studies have reported that ETN suppressed brain
injuries, such as cerebral contusions and subarachnoid hem-
orrhages [14, 28, 29]. Therefore, anti-TNF-« blockers such as
ETN are expected to suppress aggravation of brain injury in
diabetes. Measurements of blood TNF-« levels in rats with
diabetes and ischemia showed that TNF-« increased with
elapsed time after ischemia in the non-DM group. In contrast,
TNF-« plasma concentrations in the DM group were about
40 times higher than those in the non-DM group. Thus,
the diabetes pathology of chronic inflammatory reaction
may have been enhanced in the whole body. Furthermore,
because the plasma concentration of TNF-« was increased
after cerebral ischemia, we assessed the cerebroprotective
effect of ETN. In addition, to elucidate the effectiveness
of administration of the drug, we examined the dose and
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tumor necrosis factor.

timing of administration. We also examined the effectiveness
of administration before and after treatment of cerebral
ischemia. When ETN was intravenously administered after
reperfusion in the non-DM rats, a cerebroprotective effect
was not observed at any dose. However, improvement was
observed at doses >450 ug/kg after ischemia. In addition,
the non-DM group showed significantly decreased infarction
size in all groups which were injected with ETN within
24h before ischemia. In contrast, the DM group did not

show any reduction of infarction size under all conditions.
Therefore, we tried repeated administration of ETN for the
purpose of inhibiting TNF-« in DM rats. A cerebroprotective
effect was observed after repeated administration of ETN
(900 pug/kg) immediately after diabetes onset. As shown
in Figure 1, the amount of TNF-« in the sham-operation
DM group was significantly increased relative to that in
the non-DM group. Therefore, the cerebroprotective effect
may depend on an effective ETN dose level. Activation of
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TNF-« signaling has been reported to induce apoptosis [30-
33]. Moreover, TNF-a was shown to promote expression
of MMP-9 and ICAM-1, induce infiltration of cells, and
induce destruction of the blood-brain barrier (BBB) [34-
36]. Furthermore, we confirmed that expression of TNF-
« infiltration in leukocytes and apoptosis was observed
after ischemia. However, ETN administration significantly
inhibited inflammation and apoptosis. Expression of TNF
receptors, such as TNFRI, was found to be elevated in
the brain cortex in the DM and non-DM groups after
ischemia (data not shown here). Therefore, diabetes, which

P < 0.05 and 0.01 for statistical significance compared with the vehicle group. DM,

may promote intracellular signaling by interaction with TNF
receptors, may have enhanced inflammatory response.

For a drug to act in the brain, it is necessary to consider
the permeability of the BBB. We do not have any data for
the transition rate of ETN into the brain at present. Macro-
molecules in the blood are known to migrate to the brain
from the results of permeation experiments after ischemia,
as shown by Evans blue staining [22, 37, 38]. Consequently,
ETN might have passed through to brain by the BBB failure
after ischemia. The reason that there was no effect of the
drug in the DM rats, compared with non-DM rats, may
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be because of inflammation and nerve damage caused by
ischemia. Recent evidence suggests that high-mobility group
box 1 (HMGBI) prompted induction of proinflammatory
mediators, including TNF-«, IL-1f3, and cyclooxygenase-2
(COX-2), and contributed to postischemic brain damage [39-
41]. In a previous study, we demonstrated that HMGB1 was
released from necrotic cells in the early stage of ischemia
in DM rats compared with non-DM rats [42]. Moreover, a
COX inhibitor significantly attenuated TNF-a-induced BBB
breakdown and free radical formation, which indicated that
MMP-mediated BBB disruption during neuroinflammation
can be significantly reduced by administration of COX
inhibitors [43, 44]. It has been reported that the various
cytokines causing ischemic brain disorders participate in
complicated ways [9, 45]. Furthermore, TNF-«, which is
involved in inflammation and cell injury, may affect the
efficacy of a drug through two different activities that protect
cells through TNFR2 [11, 12, 46]. To elucidate the details of
ischemic injury in DM rats, further analysis is necessary in
the future.

These results suggested that repeated administration of
ETN relieves exacerbation of cerebral ischemic injury in
diabetic rats primarily by its anti-inflammatory effects.

5. Conclusions

Our study results showed that inhibition of TNF-a by
repeated ETN administration resulted in significant reduc-
tion of inflammation and neuronal cell death after experi-
mentally induced cerebral ischemic brain injury in DM rats.
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Objective. Gait performance is an indicator of mobility impairment after stroke. This study evaluated changes in balance, lower
extremity motor function, and spatiotemporal gait parameters after receiving body weight supported treadmill training (BWSTT)
and conventional overground walking training (CT) in patients with subacute stroke using 3D motion analysis. Setting. Inpatient
department of rehabilitation medicine at a university-affiliated hospital. Participants. 24 subjects with unilateral hemiplegia in the
subacute stage were randomized to the BWSTT (n = 12) and CT (n = 12) groups. Parameters were compared between the two
groups. Data from twelve age matched healthy subjects were recorded as reference. Interventions. Patients received gait training
with BWSTT or CT for an average of 30 minutes/day, 5 days/week, for 3 weeks. Main Outcome Measures. Balance was measured by
the Brunel balance assessment. Lower extremity motor function was evaluated by the Fugl-Meyer assessment scale. Kinematic data
were collected and analyzed using a gait capture system before and after the interventions. Results. Both groups improved on balance
and lower extremity motor function measures (P < 0.05), with no significant difference between the two groups after intervention.
However, kinematic data were significantly improved (P < 0.05) after BWSTT but not after CT. Maximum hip extension and
flexion angles were significantly improved (P < 0.05) for the BWSTT group during the stance and swing phases compared to
baseline. Conclusion. In subacute patients with stroke, BWSTT can lead to improved gait quality when compared with conventional
gait training. Both methods can improve balance and motor function.

1. Introduction

The worldwide prevalence of stroke was estimated in 2010 to
be 33 million. Stroke is the second-leading global cause of
death behind heart disease [1]. The incidence and prevalence
of stroke in China are highest in the world [2, 3]. According
to a recent epidemiological study on the global burden of
stroke, the incidence of stroke in China has increased from
226/100,000 person-years in 1990 to 240/100,000 person-
years in 2010 [1]. Walking ability and ambulatory indepen-
dence determine the level of disability and likelihood of
institutionalization in patients with hemiplegia [4, 5]. The

degree to which gait can be restored after stroke is related
to both the initial impairment in walking ability and the
severity of lower extremity paresis [6, 7]. Early intervention
with physical therapy to restore walking after stroke was
recommended to improve motor function and decrease
disability [8, 9]. Previous kinematic data indicated better
outcome for patients who started rehabilitation programme
at early stage than those who started late [10].

Gait performance is an indicator of mobility impairment
and disability after stroke [6]. It predicts mortality, morbidity,
and risk of future stroke [5, 11, 12]. Gait speed is responsive to
short-term rehabilitation [8]. An improvement in gait speed
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FIGURE 1: Flowchart for subjects selection process.

of 0.16 m/s can reduce the level of assistance in patients with
subacute stroke and was recommended to be the minimum
clinically significant difference [13]. The control of gait
involves the planning and execution from multiple cortical
areas, such as secondary and premotor cortex [14, 15]. Stroke
patients often have gait impairment such as decreased gait
speed and asymmetrical gait cycle [16] as a result of cortical
reorganization [17, 18]. Repetitive mass motor task practice
had been shown to facilitate neuroplasticity and brain reor-
ganization in stroke patients, resulting in enhanced motor
recovery after stroke [19-23]. Near-infrared spectroscopic
imaging and functional magnetic resonance imaging have
demonstrated treatment induced changes of brain activation
pattern during walking and after gait training [18, 24, 25].
Abnormal gait pattern in stroke patients is characterized
by altered kinematic and kinetic parameters of hip, knee,
and ankle joint during a gait cycle. Published studies have
shown that proximal lower limb control plays a key role in
improving gait speed and walking performance after stroke
[26, 27]. The greater hip sagittal range of motion could avert
circumduction profiles [28].

Body weight supported treadmill training (BWSTT) is a
task-oriented technique for gait restoration after stroke [29-
31]. BWSTT has the advantage over conventional therapy as
it offers higher intensity, more repetitive and task-oriented
practice over the same period of time when compared to
conventional therapy [32]. Several studies have showed that
BWSTT was more effective in gait speed improvement than
regular physiotherapy [29, 31-34]. It has been demonstrated
that BWSTT induces changes in corticomotor excitability
which lead to improved balance and gait performance with
chronic stroke [18]. However, other studies have reported that
BWSTT was not superior to conventional gait training [35,
36]. Recent studies have reported that BWSTT can increase
walking endurance in the subacute stage after stroke, but no
improvement was reported in balance and 10 m gait speed

[37]. To date, there are very few studies that have used gait
analysis to show how the improvements in gait parameters
come about after BWSTT or conventional therapy. There
is still a lack of basic understanding of gait training on
human locomotion [38]. Since gait impairments are a result
of deficient neuromuscular control, a better understanding
of the impact of gait training on lower limb motor pattern
is therefore essential. Improvement on individual biome-
chanical subtasks of walking such as leg swing or balance
control is positively associated with walking performance
[39]. The purpose of this study is to investigate the changes in
spatiotemporal characteristics of gait after BWSTT interven-
tion and conventional therapy (CT), using three-dimensional
motion analysis of gait in patients with stroke at the subacute
stage. Based on corticomotor excitability theory and the
advantage of BWSTT over CT, it is hypothesized that BWSTT
training is superior to CT training in improving kinetic and
kinematic gait parameters from the period before to the one
after training. In addition, we investigated the impact of
BWSTT on balance and lower extremity impairment when
compared to CT.

2. Methods

2.1. Subjects. Subjects with subacute stroke (18 to 76 days
after stroke) were recruited for this study and were randomly
assigned to the BWSTT and CT groups (Figurel). The
inclusion criteria for the hemiparetic subjects were (1) stroke
confirmed by computed tomography or MRI; (2) unilateral
hemiparesis for no more than 3 months resulting from first
stroke; (3) residual gait impairment, defined by an abnormal
10m walk time according to age (age < 60 = 10 seconds
or longer or 1m/s; age 60 to 69: 12.5 seconds or longer or
0.8 m/s; age > 70: 16.6 seconds or longer, <0.6 m/s) [24]; and
adequate mental and physical capacity to attempt the tasks
as instructed (Mini Mental State Examination score > 27,
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average modified Ashworth scale score at hip, knee, and ankle
<2).

Exclusion criteria were the presence of significant med-
ical complications or unstable vital signs that precluded
participation in the study. Twelve healthy adults matched
for age, weight, leg length, and gender were also recruited
to provide reference data for gait analysis. This study was
approved by the Human Subjects Ethics Subcommittee of
the First Affiliated Hospital, Sun Yat-sen University, China.
Written consent was obtained from all participants prior to
the experiment.

2.2. Training Protocol. All recruited stroke subjects received
two hours of rehabilitation every weekday which was the
standard of care in China. This included 60 minutes each
of physical therapy and occupational therapy. The physical
therapy sessions consisted of approximately 20-40 minutes
of therapeutic exercises and 20-40 minutes of gait training.
For gait training, subjects were randomly allocated to either
BWSTT or conventional overground training for a period
of 3 weeks. The therapeutic exercises component in all
subjects remained the same and included range of motion and
strengthening exercises, as well as facilitation techniques to
recruit muscle activity on the paretic extremity. Occupational
therapy session includes the use of functional stimulation
and self-exercise program. All physical therapists involved
in the study were trained on the protocol. Participants’ daily
compliance with the protocol was documented. In addition,
the entire rehabilitation team was educated on the study
protocol to ensure compliance when participants were not
working with study-designated therapy staft.

The equipment for BWSTT consisted of a standard tread-
mill fitted with the weight supporting apparatus (Noramco
Fitness and SpinoFlex, USA). The patient wore a modified
mountain climber’s harness with an adjustable belt around
the pelvis and thigh and an adjustable belt above to support
their body weight. A physiotherapist assisted with leg propul-
sion if the patient could not lift his/her paretic leg. At the
beginning of training, some subjects needed two therapists
to guide the movement of the pelvis forward and to flex and
extend the hemiplegic leg during the swing and stance phases
of gait. The initial body weight support was set at 30%~40%,
the speed of the treadmill was set at 0.5 mph (miles per hour),
and the duration of training was for 20 minutes. As treatment
progressed, the body weight support was gradually decreased
and the velocity was gradually increased. The two parameters
were not changed simultaneously. By the third week the
treadmill speed was increased to 2.5mph and duration of
training increased to 40 minutes. The training parameters
were based on recommendation from previous literature [6].
Subjects were consulted throughout the training for fatigue
level and tolerance of progression.

The CT group received individualized overground gait
training by a physiotherapist for 30 minutes, five days a week,
for three weeks. The training was based on the principles of
neurodevelopmental therapy (Bobath method).

Heart rate and blood pressure were monitored in both
groups before and after each session and during break using
a digital sphygmomanometer.

2.3. Gait Analysis Protocol. Vicon Motion Analysis System
(VICON MX13, VICON Peak, Oxford, UK) and two AMTI
force plates (AMTI, OR6-7, Watertown, MA, USA) with
sampling frequency of 1000 Hz recorded the joint angles
and moments of the lower extremity in the sagittal plane
simultaneously.

Six infrared 100 Hz cameras recorded the locations of 16
passive reflective markers taped to the skin overlying bony
landmarks of the pelvis and both lower limbs, including the
sacrum at the level of the posterior superior iliac spines,
anterior superior iliac spines, lower lateral one-third and half-
way points on the thighs, lateral epicondyle of knees, lower
lateral one-third and half-way pints on the shank, lateral
malleolus, the second metatarsal head, and the calcaneus at
the same height as the second metatarsal head. The data were
captured using Vicon Nexus (version 1.7.1) and Plugin Gait.

During gait analysis, all subjects were asked to walk back
and forth at a self-selected walking speed on a 10-meter
carpet. The subjects walked without canes, orthoses, or other
assisted devices during the assessments. Five successful gait
cycles (defined as one foot on one force plate) were selected
for analysis at baseline and after 3 weeks of training. Marker
trajectories were sampled at 100 Hz for the calculation of
lower extremity joint angles and moments. Each walking trial
was normalized to the total duration of the gait cycle (one foot
strike to the next foot strike). Stance and swing phases of the
gait cycle were presented as a percentage. The joint angles and
moments were also normalized to the height and weight of
each subject.

Lower limb impairment and balance were measured by
Fugl-Meyer Lower Extremity Assessment (FMA-LE) [40]
and the Brunel balance assessment [41, 42] scale. Measure-
ments were recorded in stroke subjects at baseline and after 3
weeks of training by an examiner who was blinded to group
assignment.

2.4. Data Processing. Spatiotemporal gait parameters, joint
angles, and moment of the lower limb were processed using
Polygon (version 3.5.1) and the mean data from 5 walking
cycles were computed for each subject. The spatiotemporal
parameters computed were cadence, stride time and length,
step time and length, and walking speed. Kinematic and
kinetic parameters of joint angles and moments at ankle,
knee, and hip joints were recorded in the sagittal plane.
Parameters were recorded at (1) maximum extension during
the stance phase; (2) maximum flexion at the hip and knee
joints during the swing phase; (3) plantarflexion during push-
off; and (4) dorsiflexion during the swing phase of the gait
cycle [43]. Spatiotemporal gait parameters of (1) cadence; (2)
stride length; (3) stride time; (4) step length; (5) step time
and gait speed; (6) peak angular flexion and extension; and
(7) peak moments flexion and extension were recorded at the
hip, knee, and angle joints in the sagittal plane.

2.5. Statistical Analysis. Data analyses were performed using
SPSS version 15.0. Descriptive statistics were computed for
demographic characteristics and for all parameters. Anthro-
pometric data (age, body weight, postinjury date, and leg
length) for the three groups were compared using one-way
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TABLE 1: Summary of demographic data.
Demographics Normal group BWSTT group Crgrou P
Sex, number (%) of women 10 (83%) 10 (83%) 9 (75%)
Affected side, left, number (%) — 6 (50%) 6 (50%)
Cerebral infarction, number (%) — 11 (91.7%) 10 (83.3%)
Age (y) 58.83 (8.03) 59.55 (9.23) 60.82 (10.70) 0.906
Body weight (kg) 63.08 (11.31) 65.17 (10.26) 65.25 (11.42) 0.987
Leg length (mm) 828.33 (42.12) 826.7 (53.78) 817.10 (60.1) 0.680
Days of postinjury — 49.25 (19.51) 4767 (16.78) 0.860
TABLE 2: Lower extremity function and balance score for normal group, BWSTT group, and CT group.
Normal group BWSTT group CT group Between-group
X (SD) X (SD) X (SD) difference

MMSE score (0-30) 30 28.41 (1.16) 28.33 (1.37) 0.874
FMA (pre) 34 22.42 (4.36) 22.08 (6.44) 0.868
FMA (post) — 24.33 (4.58)" 25.17 (5.62)" 0.633
Brunel (pre) 12 10.33 (1.30) 10.42 (1.38) 0.884
Brunel (post) — 10.83 (1.44)" 10.92 (1.68)* 0.870

*Differences between the period before and that after training were statistically significant.

ANOVA at baseline. Paired samples ¢-test was used to assess
the differences between pre- and postintervention within
each group. Between-group differences were assessed by
independent samples ¢-test. Statistical significant level was set
as P < 0.05 (2-tailed).

3. Results

Twenty-nine stroke subjects who met the inclusion criteria
were recruited. Five subjects were dropped out from the
study. One subject experienced changes in health status
unrelated to the study and four subjects were prematurely
discharged from the hospital due to medical insurance issues.
Twenty-four stroke subjects who completed all experimental
protocols were included in the final data analysis. The two
stroke groups showed no statistical significant differences
in age and other anthropomorphic parameters. They were
matched with age, weight, leg length, and gender to a healthy
control group. There is no statistical significant difference in
FMA-LE and Brunel balance tests between the two stroke
groups at baseline (Table 1).

3.1. Balance and Lower Extremity Function. After three weeks
of training, both BWSTT and CT groups improved signif-
icantly on the FMA-LE and on the Brunel balance scale
(Table 2). The between-group differences were not statisti-
cally significant.

3.2. Spatiotemporal Parameters. The BWSTT group improved
significantly in all spatiotemporal gait parameters during a
gait cycle after interventions, whereas the CT group did not
(Table 3). Cadence and gait speed were significantly higher in
the BWSTT group than CT group after training.

3.3. Kinematic and Kinetic Parameters during Gait. Averaged
kinematic trajectories of the hip, knee, and ankle joints in
healthy controls and subjects with stroke in the BWSTT and
CT groups are shown in Figure 2. Subjects with stroke were
able to flex their hip joints comparable to the healthy control
group but could not extend the hip adequately before training
(Figures 2(a) and 2(b)). BWSTT group showed significantly
reduced hip flexion and increased peak hip extension after
training (Table 4), whereas the CT group did not. There were
no significant differences in the angle of knee flexion or
extension and ankle dorsiflexion or plantarflexion or in the
peak moments at the hip, knee, or ankle joints in either the
BWSTT group or the CT group (P > 0.05) after interventions
(Table 4).

4. Discussion

This study sought to investigate the effects of BWSTT and
CT on lower extremity motor functions, balance, spatiotem-
poral gait parameters, and kinetic and kinematic parameters
during a gait cycle in subjects with subacute stroke. After
BWSTT or overground gait training for three weeks, both
groups demonstrated improvement of lower extremity motor
function and balance capacity. The BWSTT training group
demonstrated significant improvement in kinematic param-
eters of lower limb joints and gait patterns which was not
observed in the CT group.

4.1. Balance and Lower Extremity Motor Functions. Previous
studies on functional recovery in animal models [44] and
patients with stroke [45-47] have demonstrated that early
treatment and training can facilitate improvement in motor
functions and balance. In previous studies that compared
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TABLE 3: Spatiotemporal parameters for normal, BWSTT, and CT group.
Spatiotemporal Normal group BWSTT group X (SD) p CT group X (SD) P
rameters X (SD) X (SD) After training X (SD) After training
pa Before training Before training
Cadence
. 106.75 (8.68) 64.59 (18.31) 85.41 (12.53)  0.005 70.10 (18.92) 70.34 (15.45)  0.953
(steps/min)
Stride length 1.07 (0.10) 0.58 (0.16) 0.69 (0.18)  0.005 0.56 (0.10) 056 (0.15)  0.963
(metres)
Stride time
0.018 0.915
(seconds) 1.13 (0.09) 2.02 (0.64) 1.44 (0.21) 1.88 (0.67) 1.85 (0.69)
Step length 0.55 (0.06) 0.30 (0.07) 037 (0.09)  0.005 0.30 (0.07) 030 (0.08)  0.808
(metres)
Step time
0.015 0.655
(seconds) 0.57 (0.05) 1.06 (0.30) 0.81 (0.13) 1.08 (0.53) 1.00 (0.40)
Gait speed (m/s) 0.96 (0.10) 0.33 (0.17) 0.50 (0.20) 0.000 0.33 (0.12) 0.33 (0.12) 0.997
TABLE 4: Angle and moment peak of lower limb joints at sagittal plane.
BWSTT group CT group
Norgl?égr)oup X (SD) P X (SD) P
Before training ~ After training Before training ~ After training
Kinematic parameters (*)
Hip flexion 28.69 (9.51) 29.01 (13.61) 22.92(10.76)  0.021  25.03 (6.45) 2275 (6.94)  0.308
Knee flexion 58.82 (10.25) 36.50 (10.15) 3796 (15.95) 0787  43.10 (1.71) 4162 (13.71) 0329
Ankle dorsiflexion 10.03 (7.76) 16.51 (17.02) 979(5.42) 0301  13.56 (6.03) 14.67 (416)  0.524
Hip extension -11.78 (8.51) 1.31 (11.84) —-8.67 (10.78) 0.020 1.45 (6.62) —0.75 (7.54) 0.453
Knee extension 4.41 (5.08) 2.49 (8.54) ~039(8.51) 0235 9.82 (7.01) 722(6.09)  0.239
Ankle
- - — 0.878 - - 0.189
plantarflexion 18.73 (7.76) 11.56 (4.41) 10.88 (11.53) 6.72 (715) 4.25 (6.95)
Kinetic parameters (Nm/kg)
Hip flexion 0.72 (0.32) 0.36 (0.29) 0.50 (0.30) 0.061 0.17 (0.11) 0.20 (0.15) 0.702
Knee flexion 0.52 (0.39) 0.77 (0.50) 0.62 (0.47) 0.649 0.60 (0.42) 0.86 (0.51) 0.164
Ankle dorsiflexion 1.23 (0.32) 0.68 (0.40) 0.83 (0.35) 0.339 0.37 (0.38) 0.72 (0.47) 0.080
Hip extension 0.68 (0.31) 0.50 (0.28) 057(038)  0.636  0.42(0.15) 0.46 (0.28)  0.682
Knee extension 0.35 (0.09) 0.40 (0.33) 0.47 (0.37) 0.302 0.16 (0.14) 0.19 (0.14) 0.753
Ankle
0.099 0.541
plantarflexion 0.15 (0.11) 0.76 (0.47) 0.51 (0.38) 0.56 (0.46) 0.67 (0.45)

BWSTT with conventional overground gait training at early
stage after stroke, similar gains were seen on the Fugl-Meyer
and Berg balance scales in both groups [35, 48]. The results
of this current study are consistent with published studies
that early intervention can improve on balance and lower
extremity motors functions in patients with subacute stroke.
It is also consistent with Nilsson et al. [48] and Franceschini
etal. [35] that BWSTT is at least as effective as CT to improve
lower extremity functions and balance. The results indicate
that two gait training strategies are similar in their clinical
effects and could be used as routine therapeutic programs.

4.2. Kinematic Parameters. BWSTT is task-specific step
training on treadmill with partial body weight support.
Some research results showed that partial body supported
on treadmill could result in better walking abilities than
bearing their full weight of patients with stroke [31]. Other

studies suggested that additional body weight support may
reduce the stimulation to the affected side and may reduce
the benefit in lower limb motor recovery [7]. Abnormal
movement decreased after gait velocity improvement [49]
and gait speed is a reliable outcome measure for short-term
intervention in stroke patients. In this study, the subjects
decreased body weight support from 40% at the beginning to
zero by the end of the program. In addition, treadmill velocity
was increased from 0.5 mph to 2.5 mph as early as possible,
without causing abnormal changes in gait pattern to achieve
optimal benefit of training [50, 51]. The results suggested
that, after 3 weeks of BWSTT, improvement in temporal-
spatial parameters (increased cadence, stride length and step
length, and decreased stride time and step time) is achievable.
Another research showed that a 12-week program of BWSTT
coupled with overground walking practice led to increased
floor walking speed with increased step lengths and cadence
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FIGURE 2: Average curves of lower limb kinematic at the sagittal plane for normal, BWSTT, and CT group. For the clearance of the comparison,
the standard deviation was not shown in the figures.
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in patients with chronic stroke [52]. Result from this study
indicated that patients with subacute stroke could improve
gait velocity after just 3 weeks of BWSTT when combined
with strength training, muscle recruitment facilitation, and
occupational therapy programme. Improvement in gait speed
is a result of increased stride length, step length, and cadence
[53]. Previous study also demonstrated that BWSTT can
improve gait velocity, cadence, and stride length parameters
in subjects with subacute and chronic stroke [53]. BWSTT
programme is superior to conventional therapy because it
permits greater number of steps performed within a fixed
period of time when compared to CT, thus increasing the
amount of task-specific practice [32]. Hesse and Werner [54]
reported up to 1000 steps which could be performed in a 20-
minute treadmill training session, compared with only 50 to
100 steps during a 20-minute session of conventional physio-
therapy. In addition, the speed of the treadmill, the amount of
body weight support, and the amount of assistance provided
by the physiotherapist can all be adjusted in order to provide
a sufficient training intensity for individual needs. This can
encourage further cortical reorganization and promote gait
recovery.

It has been demonstrated that BWSTT improves sym-
metry and gait efficiency by changing kinematic parameters
in acute stroke patients [32]. Increased paretic step length
is due to an increased hip extension angle in the paretic
leg that allows the limb to swing farther backward [51]. Hip
extension increase was associated with meaningful changes
in walking speed [55]. The kinematic findings illustrated that
the paretic hip peak extension had increased significantly
in BWSTT group but not in CT group and the increasing
hip extension at terminal swing can contribute to rectify the
increasing hip flexion at toe off with hemiparetic gait. This
may explain the improvement in walking speed, stride length,
step length, and cadence observed in BWSTT group but not
in CT group. This is in agreement with study by Mulroy et
al. [55] which also reported improvement in hip flexion and
extension motion in stroke patient who has high response
to gait training. Mulroy et al. [55] also reported a tendency
toward greater increase in ankle plantarflexion motion, which
is also in agreement with this study (see Figure 2). Study
by Jonsdottir et al. [26] also indicated that the capacity
to increase work production at the ankle may be limited.
Faster treadmill walking speed could increase hip extension
angle significantly and knee flexion during swing phase; the
positive improvement facilitated a more normal gait pattern
after stroke [56]. The exact reason why hip joint motions
are more responsive than knee and ankle to gait training
is currently unclear. Increase in hip extension/flexion angle
requires increased joint power generation during walking.
A possible explanation is that the hip joint consists of
large muscle group such as rectus femoris and psoas major
which are responsible for flexion and extension motion. It
is possible that large muscles group that are responsible for
mass motor movement are more responsive to intervention
than smaller muscles group. Another possible explanation
for the observed significant difference at the hip but not at
ankle and knee is that the change of range of movement at the
hip joint is the greatest among the three joints during a gait

cycle. Therefore the sample size has sufficient power to detect
significant difference at hip joint but not the other joints.

4.3. Relationship between Kinematic Parameters and Gait
Pattern. The control of proximal and distal lower limb
plays a key compensatory role in the adaptation of gait
pattern and velocity in stroke patients in early stage [26,
27]. Lower extremity gait kinematics and kinetics in the
sagittal plane are commonly impaired after stroke. This study
showed improvement of hip extension in the BWSTT group
increasing (from flexion 2.19° to extension 7.38°) and flexion
decreased (from 29.01° to 22.92°). The kinematic curves
showed that the hip joint was extended instead of flexed
during stance phase. Previous joint angle analysis studies
indicated that hip joint motion is more affected than all
other lower limbs’ joint among stroke survivors in early stage
[4]. Hip extension angle improved when patients walked at
progressively faster treadmill speeds [55, 57] and the gait
speed increase was strongly associated with hip extension and
ankle plantarflexion [55, 57, 58]. The improved hip motion is
translated from stance to swing phase and enables effective
ground reaction force to be generated anteriorly [59, 60]. It
is therefore biomechanically important to promote hip joint
movement to aid the forward propulsion of the body for
stroke patient during gait [51].

It was found that lower extremity motor function and
balance improved in both groups after 3 weeks of training.
However, gait analysis revealed that gait speed and cadence
improved in the BWSTT group, but not in the CT group
over this time period. Furthermore, maximal hip extension
improved with BWSTT and approached that in healthy
controls, but there was no obvious difference in the CT group.
The extent of hip extension may be related to the observed
improvement in gait speed in this group. These results suggest
that treadmill training with body weight support provided
at an early stage after stroke may be beneficial to improve
walking speed after stroke and abnormal flexion of hip joint
at stance phase, especially in hyperflexion at hip joint during
walking.

4.4. Kinetic Parameters. It is not known whether BWSTT
training can target kinetic functions specially. Both BWSTT
and CT groups in this study demonstrate some improvement
in kinetic parameters after interventions but differences
did not reach statistical significance. These findings would
suggest that moment peak may not be related to the gait
trajectories or gait speed improvement. Treadmill training is
task specific to facilitate the development of new motor devel-
opment after the new state following a stroke. It is possible
that there was no direct relationship between improvement
in muscle strength and gait improvement. However, patients
with drop-foot have to increase the ankle joint plantarflexion
moment during walking [61]. This study observed a decrease
in plantarflexion moment after three weeks of intervention
for ankle joint with BWSTT group. On the contrary, the plan-
tarflexion moment increased in overground walking training.
Therefore, it may be beneficial to adjust the abnormal gait
curve. Itis uncertain whether the lack of significant difference
is due to the small sample size which lacks the power to detect



small difference or the short three-week intervention period
which was not sufficiently long to produce further changes.

5. Limitations

This study has several limitations. The sample size was small
and was not power calculated to detect changes in gait param-
eter. This study only included stroke patients who were at the
subacute stage. Results of this study may not be generalised to
the larger stroke population. In addition, this study did not
measure lower extremity muscle strength which limited the
interpretation of the kinematic data. Thus, it is recommended
that future research include muscle strength recording such
as SEMG and isokinetic instruments, especially at hip flexor,
knee extensor, and ankle plantarflexor, to understand the
underlying mechanism.

6. Conclusion

BWSTT has similar clinical effects to improve balance and
lower extremity function as conventional overground walk-
ing training for patients with subacute stroke. BWSTT can
significantly improve spatiotemporal parameters with three
weeks of training. Improvement in gait pattern is related
to the improvement of hip joint motion during walking. It
would be clinically beneficial to incorporate hip joint motion
training to improve gait pattern, especially for those who are
not suitable for treadmill training. Rehabilitation programme
for subacute stroke patients should therefore incorporate
kinematic training of proximal lower limb to facilitate gait
recovery.

Clinical Messages

(i) BWSTT is superior to conventional overground ther-
apy in improving spatiotemporal parameters.

(ii) Improvement in gait pattern is related to the improve-
ment of kinematic pattern of proximal lower limb.

(iii) Kinematic training of proximal lower limb may facil-
itate gait recovery.
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Brain arteriovenous malformation (AVM) is an important cause of hemorrhagic stroke. The etiology is largely unknown and
the therapeutics are controversial. A review of AVM-associated animal models may be helpful in order to understand the up-
to-date knowledge and promote further research about the disease. We searched PubMed till December 31, 2014, with the term
“arteriovenous malformation,” limiting results to animals and English language. Publications that described creations of AVM
animal models or investigated AVM-related mechanisms and treatments using these models were reviewed. More than 100 articles
fulfilling our inclusion criteria were identified, and from them eight different types of the original models were summarized. The
backgrounds and procedures of these models, their applications, and research findings were demonstrated. Animal models are
useful in studying the pathogenesis of AVM formation, growth, and rupture, as well as in developing and testing new treatments.

Creations of preferable models are expected.

1. Introduction

Brain arteriovenous malformations (AVMs) are vascular
anomalies where arteries and veins are directly connected
through a complex, tangled web of abnormal vessels instead
of a normal capillary network. There is usually high flow
through the feeding arteries, nidus, and draining veins. AVMs
represent a high risk for hemorrhagic stroke, leading to
significant neurological morbidity and mortality in relatively
young adults [1]. How the pathological and hemodynamic
features play a role in AVM rupture is unknown.

The management in the case of sudden bleeding is
focused on restoration of vital function and prevention of
recurrent hemorrhage, usually with some combination of sur-
gical resection, embolization, and stereotactic radiotherapy.
But all of these treatments pose a risk of serious complica-
tions, and the optimal treatment needs to be evaluated [2]. For
nonruptured AVMs, whether the preventive treatments are
beneficial is uncertain, because nonintervention may result
in favorable long-term outcome [3].

As considered to be embryonic origin and postnatal
development, AVMs are highly dynamic rather than static

[4, 5]. Angiogenesis or vascular proliferation occurs in the
AVM lesion. Understanding the exact molecular mechanisms
of AVM formation and progression is critical for developing
novel therapies such as the vascular targeting therapy and the
gene therapy.

Animal models are warranted to meet the needs men-
tioned above. Up to now, several experimental animal models
have been developed in studying the AVM-related hemody-
namics, pathogenesis, and treatments. Hence, a review was
made about the background, the procedure, and the applica-
tion of these models, and their advantages and disadvantages
were briefly analyzed.

The aim of the review was to encourage creating more
advantageous AVM models and promote further studies of
the disorder.

2. Methods

We searched PubMed till December 31, 2014, using the term
“arteriovenous malformation,” limiting results to animals
and English language.
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TaBLE 1: The highlights of the original models for AVMs.
Author . - "
Type [Reference] Year  Animal Characteristics Applications
Spetzler et al. 1978 cat
(6] Different types of CJF to cause cerebral To evaluate the hemodynamic
Morgan et al. 1989 rat  hypoperfusion and/or draining venous and pathophysiological changes
1 (7] hypertension, fistula opening and of AVM adjacent parenchyma,
Carotid jugular fistula
(CJF) Bederson et 1991 closing simulating the presence and but not the AVM lesion itself. To
al. [8] Tt resection of the AVM lesion explain the AVM symptoms and
Haietal. [9] 2002 rat the postoperative complications
Scott et al.
[10] 1978  monkey

A venous graft shunting blood from a
branch of the MCA to the SSS, the

Intracranial arteriovenous Numazawa et

As above, more precisely in

fistula al. [11] 2005 dog arterial territory as the blood stolen regional parer.lchyma, but not in
. - the whole brain
tissue surrounding AVMs
Chaloupka et . Inserting a needle to communicate the
1994 pig . .
al. [12] RM with the cavernous sinus To Test and evaluate the
Rete mirabile (RM) as the M det .. .
AVM nidus assoud e 1994 pig o embolization and radiosurgery
al. [13] Establishing a CJF to retrogradely therapy
i drain the blood from the RM
Qian et al. 1999 sheep
(14]
Venous plexus as the AVM  Yassari et al Creating a CJF, arterialized venous To study molecular mechanism
) P " 2004 rat & ’ . . of AVM development and the
nidus [15] vessels as an extracranial AVM lesion .
effect of radiosurgery
. . . et . . To emonstrate angiogenic
AVM.-hke lesions derived ~ Pietild et al. 2000 dog A pedl;led muscle grafF implanted to mechanism of the AVM
from implants [16] the brain with an arteriovenous bypass .
formation and development
Xenoeraft arteriovenous  Lawton et al Inserting an arterial graft from To evaluate the mechanism of
fistul ag [17] T 2004 rat  transgenic mice between the CCA and radiotherapy and to develop
the EJV of nude rats novel therapies
AVM tissue -implanted Konya et al. Transplanting human AVM tissues to To evaluate th.e angtogenic
2005 rat , property and its mechanism of
cornea model [18] the rat’s cornea .
human AVM specimens
AVM lesio.ns by gene Details in Table 2
manipulation

AVM: arteriovenous malformation; MCA: middle cerebral artery; SSS: superior sagittal sinus; CCA: common carotid artery; EJV: external jugular vein.

Two investigators read the titles and abstracts of the pub-
lications to find out the possibly relevant ones that described
creations of AVM animal models or investigated AVM-
related mechanisms and treatments using these models. The
articles describing the creation of the dural arteriovenous
fistula models or AVM lesions in other organs were excluded.
Full texts of the selected articles were obtained, and those
fulfilling our inclusion criteria were identified and finally
summarized.

The emphases of the review were on the background, the
procedure, and the application of each particular model. The
chosen animals, the advantage, and the disadvantage of each
model were also briefly discussed.

3. Results

From the result of total 911 publications found according to
the search term, we picked up more than 100 articles, by the

inclusion criteria of either describing the creation of original
or modified animal models or adopting these models to make
experimental researches.

The animal models in the study of AVMs were diverse in
accordance with research purpose, ranging from those based
on the changes of the cerebrovascular circulation to those
based on gene manipulation techniques. Eight different types
of the original models were summarized and their highlights
were shown in Tables 1 and 2.

3.1. The Carotid-Jugular Fistula. To explain a phenomenon
that brain tissue surrounding the AVM lesion is subject
to swelling and hemorrhage immediately following surgical
excision of the lesion, Spetzler et al. firstly suggested that the
chronic ischemic brain tissue near high flow AVMs might
experience a loss of vascular autoregulatory capacity, the
theory of normal perfusion pressure breakthrough (NPPB),
by using carotid-jugular fistula (CJF) model in cats [6].
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FIGURE 1: Animal models with carotid-jugular fistulae. (a) Spetzler’s model, (b) Morgan’s model, and (c) Hai’s model. CCA: common carotid
artery; ICA: internal carotid artery; ECA: external carotid artery; EJV: external jugular vein; IJV: internal jugular vein.

This model was created by means of an anastomosis between
the rostral end of the common carotid artery (CCA) and
the caudal end of the external jugular vein (EJV) together
with the ligation of the remaining vessel stumps, so that
noninfarction cerebral hypoperfusion was achieved by drain-
ing the blood from the circle of Willis retrogradely through
the anastomosis (Figure 1(a)). After 6 weeks, only the ani-
mals with marked dilatation of the fistula vessels exhib-
ited diminished cerebrovascular autoregulation with both
open and closed fistulae, indicating the detrimental effect
of high flow through AVMs on surrounding tissues. The
other investigators reevaluated this cat model but found
that the cerebrovascular hemodynamic changes were actually
minimal and transient by the CJF formation and systematic
blood pressure interference, and CO, reactivity in the closed
fistula was preserved. This model was probably not enough to
clarify the mechanisms of the NPPB phenomenon [36-38].
Therefore, a modified CJF model in rats was intro-
duced by Morgan and colleagues. They made an end-to-
end anastomosis of both rostral ends of the CCA and

the EJV (the internal jugular vein in rats is hypoplastic, and
the cerebral venous blood drains mainly to the EJV) on
the right side and ligated the caudal ends of both vessels
and the ipsilateral external carotid artery (ECA), creating a
functional arteriovenous fistula between the circle of Willis
and the right lateral sinus (Figure 1(b)). After a period of 8
to 12 weeks, the presence of CJF significantly reduced the
cerebral blood flow (CBF) on the fistula side compared to the
baseline. Fistula closure significantly elevated CBE, causing
the blood-brain barrier (BBB) breakdown under induced
hypertension, but not under a normal pressure [7, 39, 40].
Further studies verified that the histopathological change
of the cerebral capillaries was the structural basic of the
NPPB phenomenon [41]. Interestingly, the CO, reactivity of
cerebral vessels remained intact throughout the experiment.
The research group recommended the avoidance of intraop-
erative hyperventilation and postoperative hypertension for
the removal of AVM lesions. By using this model, a research
group tested the hypothesis that intracerebral, extracellular
norepinephrine could be the key factor influencing CBF
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levels [42], and another group evaluated the effect of ionizing
radiation on the blood-stolen parenchyma and concluded
that the radiotherapy-related damage in the normal or the
hypoperfused brain tissues was similar [43].

Besides, “occlusive hyperemia” was also suggested to
be related to the brain edema and hemorrhage following
the large AVM resection. High blood flow and mass effect
of AVM lesions might cause obstruction of the venous
outflow and stagnation of arterial inflow in their adjacent
parenchyma, with subsequent worsening of the existing
hypoperfusion and ischemia in these tissues. Bederson et al.
evaluated this presumption in a rat CJF model by a proximal
CCA to distal EJV anastomosis with contralateral EJV occlu-
sion [8]. The fistula significantly increased torcular pressure
and decreased systematic pressure, and the venous occlu-
sion for one week caused venous infarction, subarachnoid
hemorrhage, and severe brain edema. Based on this, Hai et
al. developed a more moderate model of chronic cerebral
hypoperfusion combined with draining vein hypertension,
by an end-to-side anastomosis between the EJV and the
CCA on the right side with ligations of bilateral ECAs and
the left vein draining the transvers sinus (Figure 1(c)). After
90 days, occlusion of CJF led to the NPPB phenomenon,
which was further demonstrated to share similar pathological
mechanisms with acute ischemia reperfusion injury such as
infiltration of inflammatory cells and activation of oxygen
free radicals [9, 44]. Hemodilution with high-concentration
human serum albumin has a certain pretreatment effect on
this brain injury [45]. Kojima et al. created very similar rat
CJF models with not only the drop in perfusion pressure but
also the impaired draining venous outflow [46].

Rats were mostly chosen as the model animal probably
because they are economic and accessible in spite of their
anatomical differences related to humans. CJF models were
also tried in monkeys; however, they were hard to handle,
expensive to create, and also with intricate ethical concerns
(10].

3.2. The Intracranial Arteriovenous Fistula. Carotid-jugular
fistulae resulted in the hemodynamic changes in whole brain
or predominantly the hemisphere in the fistula side, but
not in the regional parenchyma. A dog model with local
cerebral hypoperfusion was tried using an intracranial arte-
riovenous fistula [11]. The dog was chosen not only because
its brain was large enough for operation, but also because
the physiology and hemodynamic situation were comparable
between the dog and human brains. After craniotomy, a
fistula was created by a femoral venous graft with end-to-
side anastomosis both to the cortical branch of the middle
cerebral artery (MCA) and to the superior sagittal sinus (SSS).
Shunt opening markedly decreased regional CBF (rCBF) in
the MCA territory, but not in other areas. Shunt reocclusion
caused rCBF to rebound and return to the preopening
value within 15 minutes. Regional CO, reactivity decreased
significantly at shunt opening. The regional hemodynamic
changes in this animal model simulated a real condition of
brain tissues surrounding human AVMs. However, this was
an acute model and the procedure was a bit complicated.

Both extracranial and intracranial arteriovenous fistula
models lacked a real AVM nidus, these models were focus-
ing on the hemodynamic and pathophysiological changes
of AVM adjacent parenchyma, but not the AVM lesion
itself.

3.3. The Rete Mirabile as the AVM Nidus. The carotid rete
mirabile (RM) of the swine is a special vascular structure
with a tangle of microarteries and arterioles situated at the
termination of each ascending pharyngeal artery (APA) as it
perforates the cranial base. The two sides of the RM, which
are connected with each other across the midline, are also
supplied by other small collateral arteries and effuse to form
internal carotid arteries ipsilaterally (Figure 2(a)). At the end
of 1980s, several authors began to report that the swine
RM could be used as the AVM nidus to evaluate different
materials for embolization and the single-dose radiation
effects, due to their morphological similarities [47-50]. The
occlusive effect of the treatments could be evaluated by
superselective angiography and histopathological observa-
tion. An important distinction between the RM structure and
areal AVM nidus is the hemodynamic difference; the former
is arterioarterial system, but the latter is an arteriovenous
system with a higher pressure gradient between feeding and
draining vessels.

To address this shortfall, Chaloupka et al. produced a
high flow arteriovenous shunt in the swine RM by inserting a
needle through the orbit to create communications between
the rete and the surrounding cavernous sinus [12]. Supers-
elective angiography into the APA showed rapid sequential
filling of the rete, cavernous sinus, and basilar sinus. However,
this model had limitations of obvious eye complications,
spontaneous occlusion of the arteriovenous shunt, and being
only for short-term investigations.

Massoud et al. developed a distinguished swine AVM
model with induced high blood flow across both retia, by
surgical formation of a side-to-side arteriovenous fistula
between the CCA and the EJV with the ligation of the CCA
proximal to the fistula on the right side [13]. The angiography
showed a clear demonstration of the feeding arteries (mainly
the left APA), the nidus (bilateral retia), and the draining
vein (the right APA down to the fistula), very similar to
human AVMs (Figure 2(b)). An average blood pressure of the
left APA dropped from 77 mmHg to 67 mmHg after model
formation, and the right APA pressure dropped further to
46 mmHg. By additional occlusion of the rete branches on the
right side, the research group also successfully preserved the
same model for follow-up study up to 180 days [51]. In the
chronic model, striking transmural changes of nidus vessels
were observed, representative of realistic histopathologic
features in human AVMs. Both the acute and the chronic
models were widely adopted in the study of AVMs [52-
58], especially in the aspects of hemodynamic changes,
embolization therapy, and radiosurgery.

Based on Massoud’s model, modified swine AVM models
were introduced. They posed a higher pressure gradient
closer to values found in human AVMs, thereby reducing the
rate of spontaneous thrombosis in the rete [59, 60].
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FIGURE 2: Anatomic basis and features of the swine AVM model. (a) Schematic representation of the normal left carotid arterial anatomy of
the swine. The carotid rete mirabile is situated at the termination of the APA. ICA: internal carotid artery; ECA: external carotid artery; CCA:
common carotid artery; IMA: internal maxillary artery; MMA: middle meningeal artery supplying the ramus anastomoticus; RA: ramus
anastomoticus; AA: arteria anastomotica; APA: ascending pharyngeal artery; OA: occipital artery; BA: basilar artery; CW: circle of Willis;
EJV: external jugular vein. (b) Schematic representation of the AVM model after creation of a right carotid-jugular fistula. Arrows indicate
direction of flow, that is, from the left CCA to both retia mirabilia via the three feeding arteries (the left APA, RA, and AA), and retrograde
down the right APA toward the right carotid-jugular fistula. Note balloon occlusion of the right ECA.

Besides, in the pig, the natural structure of carotid RM
is also seen in the other artiodactyl animals such as the
sheep, goat, ox, and cat, but not in the dog, rabbit, and rat.
Whether the swine RM models can be duplicated in the
other animals was unknown, except for a feasibility study
in the sheep [14]. The vascular structure and blood supply
of the RM in the sheep (the ascending pharyngeal artery is
atrophy) slightly differ from those in the pig. A sheep AVM
model was successfully created by a side-to-side surgical
anastomosis between the CCA and the EJV with ligations
of the vein above and the artery below the anastomosis
(Figure 3). An angiographic appearance was demonstrated to
simulate human AVMs in all the animal models. Creating the
sheep model was rather simple and cost-effective, but it was
not routinely adopted in AVM study.

3.4. The Extracranial Venous Plexus as the AVM Nidus. In
2004, Yassari et al. described a rat model with the sham AVM
nidus simply by ligating the left EJV at the confluence of the
subclavian vein and making an end-to-side anastomosis of
the EJV to the CCA [15]. These rats were observed up to 90
days. Angiographic and hemodynamic examinations showed
that a high blood flow was diverted across fistula into the
EJV (as the feeding artery), through a network of venous
branches (as the nidus), then reconnected, and drained to
the sigmoid sinus (as the draining vein), presenting a similar
feature as in human AVMs (Figure 4). The high flow occurred
immediately and kept stable after fistula formation, while the
mean pressure in the fistula significantly dropped on day 7
and tended to stabilize by day 21.

Further analysis in this model demonstrated that the
nidus vessels underwent morphological changes from nor-
mal veins to those similar to immature vessels in human

ECA

FIGURE 3: Anatomic basis and features of the sheep AVM model.
Arrows indicate direction of flow, that is, from the left side of the
carotid artery through both retia mirabilia, retrograde to the right
carotid artery and jugular vein following surgical creation of an
anastomosis. CCA: common carotid artery; ECA: external carotid
artery; IMA: internal maxillary artery; RA: ramus anastomoticus;
AA: arteria anastomotica; EJV: external jugular vein.

AVMs, including heterogeneously thickened walls, splitting
of the elastic lamina, and thickened endothelial layers [61].
Another study found out that the endothelial molecular
changes in the nidus occurred, such as increased expression
of vascular endothelial growth factor (VEGF), also similar
to those observed in human AVMs [62]. These findings
supported the theory that vascular changes in AVMs are
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FIGURE 4: The arteriovenous fistula of the rat arteriovenous malfor-
mation model. 1: fistula; 2: arterialized jugular vein; 3: nidus; CCA:
common carotid artery; EJV: external jugular vein.

secondary to increased flow rather than a primary phenotypic
abnormality.

The activation of vascular cells in the nidus made it
a unique model for studying the occlusive effect of radio-
surgery on AVM vessels, because little was known about
the molecular mechanisms of radiation mediated vascular
obliteration. One study using the model showed that the
expression of endothelial adhesion molecules in the nidus
cells changed after radiosurgery [63]. Other studies tried to
seek strategies to enhance AVM obliteration and reported
an improved obliteration rate by induced thrombosis in the
nidus with radiosurgery and coadministration of low-dose
lipopolysaccharide and soluble tissue factor [64].

3.5. The AVM-Like Lesion Derived from Implants. Both the
AVM lesions with simulated niduses using the RM and
the venous plexus did not actually locate in the cerebral
parenchyma. Pietild et al. developed a novel model with an
induced AVM lesion in the dog brain [16]. A vascular bypass
was created between the MCA and the SSS by interposing
a superficial temporal artery (STA) segment. A muscle graft
supplied by a branch of the interposed vessel segment was
implanted in the blood-stolen brain area due to the arte-
riovenous shunt. Postoperative angiography after 6 months
demonstrated the feeding artery (the STA segment near the
MCA) and the dilated draining vein (the STA segment near
the SSS). Between them, AVM-like lesions with newly devel-
oped vessels were seen surrounding the muscle implant. The
histopathological examination after 8 months demonstrated
pronounced gliosis and endothelium/capillaries proliferation
in this area. All proliferating vessels had delicate walls and
small lumens and lacked differentiation into arterial and
venous vessels. These suggested that AVM lesions in the adult
brain could develop in the course of time, primarily as a result
of angiogenesis, on the condition of cerebral ischemia and/or
venous hypertension. The idea of using a pedicle muscle graft
as a stimulus for inducing the intracerebral AVM-like lesion

was derived from observational and therapeutic studies of
Moyamoya disease.

There were some highlight features of this model resem-
bling the appearance of AVMs in human, including thicken-
ing and fibrosis of the draining venous wall, new formation
of vessels, and vascular proliferation, surrounding brain
tissues with signs of ischemia and hemorrhage. Although
an exquisite surgical technology was required for producing
the animal model, it might help discovering the pathological
mechanisms involved in AVM development.

3.6. The Xenograft Arteriovenous Fistula. Currently, radio-
surgery was a kind of less invasive treatment for AVMs. It took
a therapeutic effect by obliterating the AVM nidus, with a low
obliterating rate and a latency period up to 2 years. Further
understanding of the mechanism of radiosurgery might be
helpful to develop advanced pharmacological therapies to
improve the occlusive effects based on conventional radio-
surgery.

For this purpose, the xenograft arteriovenous fistula
model was created, as a segment of main arteries from
transgenic mice was interposed between the caudal end of
the CCA and the rostral end of the EJV in immune-deficient
nude rats [17]. The implanted arterial graft was not areal AVM
nidus but shared the AVM hemodynamic features with low
resistance and high flow. Mice were chosen as the resource of
donor arteries because diverse transgenic mice were available.
The small size of mice made homotransplantations difficult,
so rats were chosen as the receptor.

In this model, the arteriovenous fistula with radiation
pretreatment reproduced distinct radiation arteriopathy as
observed in resected human AVM specimens pretreated with
radiosurgery. If radiation pretreatment would result in a
specific molecular change in the fistula graft, or if the fistula
graft from different transgenic mice would have a different
response to radiation, this model probably yielded clues to
the vascular targeting therapy and the gene therapy. One
study had detected that some robust but modified radiation
responses occurred in Endoglin and eNOS knockout trans-
genic arteriovenous fistulae [65].

The model was technically feasible and the overall angio-
graphic patency rate was about 50%. However, there was a
time limitation of 4 months for allowing transplanted tissues
to retain their phenotypes due to the rejection reaction.

3.7 The Rat Cornea with Human AVM Tissues. The surgically
resected human AVM lesions were valuable specimens for
the histopathological study. When the specimens were trans-
planted into the corneal micropocket of the rats, they kept
alive and growing. The angiogenic activity of the implanted
tissues could be repeatedly measured according to a standard
of neovascularization assessed by microvessel counts and
VEGF expression [18].

Based on the model, the implanted AVM tissues showed
the highest angiogenesis compared to other cerebrovascular
disorders, cavernous malformation, and venous angioma,
indicating that the AVM niduses were more likely to be
active and progressive. The implanted AVM tissues previously



treated with embolization exhibited the highest angiogenic
activity, followed by untreated and gamma knife treated
AVM tissues; this might explain why AVM recurrence after
intravascular embolization was more common. Moreover,
this rat cornea model containing human AVM tissues could
be used for evaluating molecular mechanisms of the neovas-
cularization process over time [66].

3.8. The AVM Lesions by Gene Manipulation. Hereditary
hemorrhagic telangiectasia (HHT') is an autosomal dominant
vascular disorder characterized by recurrent nosebleeds,
mucocutaneous telangiectases, and AVM formations in the
brain and other visceral organs [67]. Heterozygous mutations
in two genes, endoglin (Eng) and Activin receptor-like kinase
1 (AlkI), respectively, cause HHT type 1 and type 2. It is logical
that animal models containing spontaneous or induced AVM
lesions could be generated by regulating the genes.

Knockdown of AIkI by its splice-site blocking morpholino
caused a spectrum of morphologic and functional defects
as AVM lesions in zebrafish embryos [68]. The transgenic
mice lacking both alleles of either Eng or Alkl genes died in
embryonic period due to defects in vessel and heart develop-
ments [19, 21, 69]. Both Eng™/~ and AlkI*/~ haploinsufficient
mice could be successfully generated. These mice develop
vascular lesions in various organs, but spontaneous lesions in
the brain were modest in Eng"/~ mice and minimal in AIkI*/~
mice [20, 22]. A research group headed by Su et al. induced
cerebral microvascular dysplasia by transferring virus-
mediated VEGF gene to the brain of Eng*/~ or AIk1*/~ adult
mice [23-25]. The AVM-like capillary dysplasia was more
pronounced in Eng*/~ mice than in AkI*~ mice. Inter-
estingly, increased cerebral perfusion by intraventricular
infusion of hydralazine or nicardipine after VEGF delivery
promoted capillary dysplasia in AIkI*/~ mice. These studies
demonstrated that VEGF delivery into the brain of wide type
mice led to increased microvessel counts but not microvas-
cular dysplasia, and saline injection did not cause significant
microvascular changes even in the haploinsufficient mice,
approving that the development and progression of AVM
lesions in adult brains were possible, when hereditary vari-
ation was combined with endogenous or exogenous growth
factor delivery. Although sharing the somewhat alike phe-
notype, the induced local microvascular dysplasias were not
enough to stand for direct models of the disease. However,
they might be useful in identifying the possible factors which
took a role in the pathogenesis of AVMs.

The conditional knockout technique with Cre/LoxP
recombination system made it possible to delete target genes
at the planned time or in the expected cells, because the Cre
enzyme expression could be precisely controlled. Conditional
deletion of both AIkI alleles in adult mice by tamoxifen-
inducible Cre resulted in AV fistula formations and sponta-
neous hemorrhage mostly in the lung, gastrointestinal track,
and uterus, but not remarkably in the brain, although de novo
vascular malformation lesions developed upon induction of
skin wounding in these mice [26]. The similar phenomenon
could be observed in conditional Eng deletion mice, in
which vessel abnormalities mimicking human AVM nidus
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were induced in the brain with the presence of angiogenic
stimulation such as mechanical injury or VEGF delivery
[27]. Meanwhile, Su’s research group successfully produced
AVM lesions in the adult mouse brain resembling the human

disease, by injecting vectors expressing both Cre and VEGF

into the basal ganglia of AIKI?**F/2:0%F and Epg?loxP/2LoxP

mice [28, 29]. The results showed that cerebrovascular lesions
were more severe in AIkI*"**/22® mice due to more effective
gene deletion. In fact, regional deletion of Eng caused more
severe cerebrovascular malformation per copy than AlkI
with VEGF stimulation. These models were promising for
evaluating the pathogenic mechanisms of AVMs and for
discovering potential medical therapies to slow AVM growth
and stabilize the rupture-prone abnormal vasculature.

Antenatal deletion of both AIkI alleles in restricted
endothelial cells (ECs) caused severe and fatal visceral arte-
riovenous malformations [70]. Conditional deletion of AlkI
specifically in ECs in adult mice resulted in AVM formations
in the intestine, lung, and around ear-tag wounds, as well as
in the brain area previously injected with vectors expressing
EVGF [30]. Model mice died in 6-13 days due to bleeding
and anemia. This phenotype was the same as that of mice
with global Alkl deletion [26], indicating the pivotal role
of ECs in pathogenesis of AVMs. In contrast, deletion of
AlkI in pericytes alone was not sufficient to initiate AVM
development in adult mice. Similarly, endothelial specific
deletion of Eng led to endothelial proliferation and AVM
formations in neonatal retina and local venomegaly in the
adult skin induced by mechanical and VEGF stimulation [31].
Owing to the lack of brain-dominant lesions, Milton et al.
successfully generated mouse models with spontaneous
AVMs in the brain and/or spinal cord by deleting AlkI in
the embryo by SM22-Cre, which was expressed in smooth
muscle cells, ECs, and some other cell types in different
organs [32]. Most of the mice showed a paralysis or lethality
phenotype due to internal hemorrhage during the first 10
to 15 weeks of life. However, the mice that survived this
period showed reduced lethality rates even though they
carried multiple AVMs. Choi et al. created a similar model
with the spontaneous onset AVMs in Eng*-"*/*®; with
SM22-Cre expressed mice, in which AVMs were found in the
central nervous system and intestine, more than half of the
mice died from internal hemorrhage before 6 weeks of age
[27]. These distinctive models possibly allowed us to study
pathophysiology of AVM rupture.

Other genes involved in angiogenesis would also be
manipulated to create AVM models. Taking essential roles in
vascular development and remolding, Notch signaling path-
way was upregulated in human AVMs and might be an
important molecular regulator of AVM pathogenesis [71].
Both Notch loss-of-function and gain-of-function mutations
impair vascular development, resulting in arteriovenous
shunting in zebrafish and mouse embryos, indicating that
proper spatial and temporal patterns of Notch activity were
critical for angiogenesis [33, 72, 73]. Postnatal overexpression
of constitutively active Notch4 in the endothelium by the
tetracycline-regulatory system elicited cerebral arteriovenous
shunting in mice, and gene repression reversed the AVM
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progression [33]. Further analysis of this model showed that
AVMs arose from enlargement of preexisting microvessels in
size of capillaries, without smooth muscle cell coverage but
with high blood flow, implying cellular and hemodynamic
mechanisms underlying AVM pathogenesis [74]. Similarly,
endothelial expression of constitutively active Notchl led to
AVM formations in the neonatal mouse brain, and activation
of Notchl in adult mouse caused AVM formations in other
organs, but not in the brain [73, 74].

The lack of matrix Gla protein (Mgp) also caused AVMs
in mice. Cerebral enlarged vessels and direct connections
between arteries and veins were detected in the Mgp™/~
mice, but not in Mgp*/~ mice at 4 weeks of age. Mgp is a
bone morphogenetic protein (BMP) inhibitor. Increased
BMP activity due to the deficiency of Mgp induced expression
of Alkl and subsequently enhanced expression of Notch
ligands Jagged 1 and Jagged 2, which abnormally increased
Notch activity. As expected, reduced Jagged expression in the
Mgp~'~ mice by crossing them with Jagged deficient mice
normalized endothelial differentiation and prevented AVM
formations [34]. Moreover, deletion of endothelial Rbpj, a
mediator of Notch signaling, in postnatal day one resulted in
features of AVMs in the mouse brain, including abnormal AV
shunting and tortuous vessels. Deletion of the Rbpj gene in
adult mice did not cause brain AVMs [35].

Cerebrovascular abnormalities, AVM formations, and
hemorrhage occurred spontaneously in some cases where
relevant genes were directly or conditionally deleted at the
antenatal or postnatal stages, although in most cases, the
model mice either displayed minimal vascular lesions or
obvious vascular lesions out of the brain. The spontaneous
cerebral AVM lesions partially simulated the natural clinical
course of the disease, but the lesions lacked uniformity
and reproducibility in size and location. Focal angiogenic
stimulation based on gene deficiency helped to create adult
onset models of induced AVM lesions in the brain. These
models containing comparable AVM lesions might be more
suitable for mechanism and therapeutic studies. In spite
of posing disadvantages such as complicated procedures,
high expanding, and being time consuming, the models by
gene manipulation were unique for investigating the AVM
pathogenesis and testing new therapies.

4. Discussion and Conclusions

As shown in Tables 1 and 2, animal models in studying AVMs
were diverse. In the early period, investigators produced
hypoperfusion and/or venous hypertension in the whole or
regional brain by extra- or intracranial arteriovenous fistu-
lae, to evaluate the hemodynamic and pathophysiological
changes of AVM adjacent parenchyma in the presence of
an AVM lesion or after its resection, so as to explain the
symptoms and to protect against postoperative complica-
tions. The discovery of the special vascular structures as the
AVM nidus in animals (the RM in artiodactyls and the venous
plexus in rats) made it possible to practice the occlusive
treatments (endovascular embolization and radiotherapy)
and to analyze therapeutic effects. Lately, the manipulation

of angiogenesis-related genes helped to create mutant mice
with real AVM lesions in the brain. With the improvement
of its stability, this promising model was worthwhile for
studying the mechanisms about the origination, progression,
and rupture of AVMs. Other ingeniously designed models,
including induced AVM-like lesions in the dog brain and
implanted transgenic arteriovenous fistula from mice to rats,
possessed their own values to investigate pathogenesis and
novel treatments. The rat cornea model was to evaluated
angiogenic mechanisms especially of human AVM speci-
mens.

An ideal AVM model, which completely shared the
same anatomic, physiologic, biological, and clinical features
as human AVM disease, was lacking. Even the transgenic
mice model carried out with spontaneous but systematic
vascular malformation lesions could not fully represent the
sporadic cases mostly seen in clinic. In spite of limitations,
these various models provided assistance to answer particular
questions in the study of AVMs.

The origin of AVM is still a mystery. It was generally
believed that the vascular disorder was initiated during
embryonic development. However, evidences from animal
models demonstrated that postnatal formations of AVMs
were possible, due to the two causal factors of angiogenic
stimulation and gene deficiency. With genome-wide asso-
ciation study, investigators attempted to identify mutant
genes associated with AVM susceptibility in sporadic AVM
patients. The possible involved genes included Alkl, Eng,
interleukin-6 (IL-6), and interleukin-13 (IL-18) with single
nucleotide polymorphisms (SNPs), but the limited results
were inconsistent [75, 76].

The mechanisms that underlie AVM growth and pro-
gression remain poorly understood. Abnormally high blood
flow and shear forces in nidal vessels activated molecular
pathways in smooth muscle cells and ECs. Hypoperfusion
and hypoxia in the nidal and surrounding tissues stimulated
angiogenesis and inflammatory reactions. Both of them
lead to vascular proliferation and remodeling [77]. These
hypothetic mechanisms were demonstrated in Yassari’s and
Pietila’s animal models and were also supported from the
analysis of resected human AVM specimens, where the
related factors like transforming growth factor (TGF), VEGE
matrix metalloproteinase-9 (MMP-9), BMP, cellular adhe-
sion molecules, and so on were overexpressed [78].

Intracranial hemorrhage is the most severe and most
common clinical presentation of AVM patients. Risk factors
associated with AVM rupture include certain genetic muta-
tions, intranidal aneurysms, exclusive or restricted venous
drainage, deep or infratentorial location, and history of previ-
ous hemorrhage [79-81]. SNPs of IL-6, tumor necrosis factor-
a (TNF-a), MMP-9, and other genes in AVM specimens
appeared to influence clinical course of AVM rupture [82].
However, the exact molecular mechanisms of AVM rupture
need to be scrutinized. Studies of human AVM lesions
indicated that multiple mechanisms including inflammation,
extracellular matrix remodeling, ECs abnormalities, and
immature nidal vessels all likely contributed to hemorrhagic
tendency [83]. Further researches are anticipated by using
animal models with spontaneous hemorrhagic AVM lesions.
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Among the conventional treatments, microsurgical resec-
tion is currently recommended for Spetzler-Martin Grades
I and II AVMs. For high-grade AVMs, combined treat-
ments are often used lacking a standard procedure. Given
that the majority of high-grade lesions cannot be treated
without relatively high morbidity and mortality, new bio-
logical therapies and gene therapies are under development
aiming toward vascular remodeling. A study showed that
losartan, an angiotensin II receptor antagonist, attenuated
abnormal blood vessel morphology in the Alkl knockout
zebrafish through modulating the BMP signaling pathway
(84]. In the AIKPX®/2L%P niice model with focal AVMs
by virus-mediated Cre and VEGE, the induced angiogenesis
and vascular dysplasia were attenuated by administration of
VEGEF antagonist bevacizumab [85], which later successfully
treated a female HHT patient [86]. Moreover, with the deeper
understanding the therapeutic mechanisms of radiosurgery
in Yassari’s and Lawton’s models, vascular targeting therapy
might improve the obliterating rate and decrease the compli-
cations of radiosurgery.

We hope this review would provide the basic of currently
available AVM models. The diverse techniques and methods
displayed here might shed light on the creation of preferable
AVM models in the future, overall promoting further studies
of the disease.
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Object. The aim of this report was to explore the clinical presentation, radiological features, treatment methods, and outcome of
micro-AVMs presenting with intracerebral hemorrhage. Methods. The clinical data, radiological features, treatment, and follow-up
results for a consecutive series of 13 cases with micro-AVMs were retrospectively analyzed. Results. All 13 patients presented with
intracerebral hemorrhage. Ten cases were confirmed by enhanced thin layer CT scanning and CTA, and the other 3 cases were
confirmed by DSA. Treatment consisted of surgical removal in 10 cases, endovascular embolization in 1, and radiosurgery in 2.
The modified GOS score was achieved in the third month after discharge: 10 cases were rated with 5 points (good recovery), 1
case was rated with 4 points (mild disability), and 2 cases were rated with 3 points (severe disability). During follow-up, No case of
rebleeding was reported. Conclusions. Intracerebral hemorrhage is the main clinical manifestation of micro-AVMs. It is beneficial to
find a tiny nidus of dense vessels located on hematoma wall on enhanced thin layer CT scanning for a clear diagnosis and to detect
any abnormal feeding artery or venous drainage for an indirect diagnostic evidence. Resection is the main method of treatment for

micro-AVMs.

1. Introduction

Arteriovenous malformation (AVM), composed of feeding
artery, nidus, and venous drainage, is one of the most com-
mon vascular diseases of the cerebral hemorrhage. According
to the clinical standard described by Yasargil, AVMs with a
nidus smaller than or equal to 1cm are called microarteri-
ovenous malformations (micro-AVMs) [1]. In addition, the
characteristics of small lesions and easy bleeding may pose a
big challenge to the treatment and diagnosis of micro-AVMs.
Meanwhile, there are only few reports and cases related to
micro-AVMs to date, so the characteristics and treatment of
the disease are still poorly understood. This study conducted
a retrospective analysis from January 2008 to December
2013 and summarized the clinical data, radiological features,
treatment, and outcome of these lesions in our department.

2. Patients and Methods

Thirteen cases of patients diagnosed as micro-AVMs were
recruited in neurosurgery department of Fuzhou general hos-
pital between January 2008 and December 2013. The patients
were diagnosed as micro-AVMs with enhanced thin layer CT
scanning, CT angiography (computed tomography angiogra-
phy, CTA), cerebral digital subtraction angiography (DSA),
or surgical exploration.

All patients underwent at least one enhanced thin layer
CT scanning and CT angiography after being admitted to
the hospital, and a following DSA examination would be
conducted for the cases whose CTA finding was negative or
questionable. Hematoma volume size was calculated accord-
ing to formula axbxc/2, where a, b, and ¢ represent the max-
imal diameters of the hematoma in the 3 orthogonal planes.
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TaBLE 1: Overview of clinical features, diagnostic workup results, therapeutic methods, and outcome in the 13 patients with cerebral micro-

AVMs.
Patient number/  Hematoma size (mL) Enhanced thin . . Urgent Outcome
age (y)/sex & location layer CT scanning CTA finding DSA finding surgery/treatment (GOS)
/1M 20 Nidus Micro-AVMs NoJsurgery 5
Basal ganglia neuronavigation
10 . Abnormal .
2/31/F Basal ganglia Nidus feeding artery No/radiotherapy 5
40 . Abnormal
3/63/E Parietal lobe Nidus feeding artery Yes/surgery 3
52 . .
4/36/M Temporoparietal lobe Nidus Micro-AVMs Yes/surgery 5
27 . . .
5/18/M Frontal lobe Negative Negative Micro-AVMs No/surgery 5
6/41/F 1 Nidus Micro-AVMs Nosurgery 5
Frontal lobe neuronavigation
60 . .
7/16/M Temperoparietal lobe Nidus Micro-AVMs Yes/surgery 5
16 . . .
8/15/M Frontal lobe Negative Negative Micro-AVMs No/surgery 5
90 . .
9/32/F Temperoparietal lobe Nidus Micro-AVMs Yes/surgery 4
10 . Abnormal Abnormal .
10/24/M Parietal lobe Negative feeding artery feeding artery No/radiotherapy >
1/41/M > Nidus MicroAVMs ~ Micro-AVMs  o/endovascular 5
IVH embolization
48 . .
12/61/M Occipital lobe Nidus Micro-AVMs Yes/surgery 5
13/35/M >0 Nidus Abnormal Micro-AVMs Yes/surgery 3

Temperoparietal lobe

venous drainage

The original data of thin CT scanning for angiography was
transferred to data postprocessing workstation and to obtain
new 3D-CTA image of VR and MIP.

The corresponding treatment protocol in our series
should be chosen according to the characteristics and posi-
tion of micro-AVMs, hematoma volume size, and the clinical
status of the patients. (1) Surgical removal is the main method
of treatment for the superficial lesion, under the condition
that the volume of hematoma is more than 40 mL and the
patients began to complain of consciousness disturbance. It is
preferred to conduct urgent surgery after CTA. In principle,
it is necessary to remove some or all of the hematomas, after
the identification of vascular malformation; the first thing is
to cut off the feeding artery and then to remove the nidus,
ensured with protecting the venous drainage. (2) Endovascu-
lar embolization is suitable for the lesion site located in the
deeper brain and is not suitable for surgery removal. What is
more, there is an existing optional feeding artery in such case.
(3) Radiation therapy is suitable for the patient with the lesion
located in functional area, or the case whose tortuous feeding
artery is difficult to trace during microcatheter navigation.

Follow-up evaluation was conducted by means of the out-
patient visits and telephone interviews. Follow-up evaluation
content includes clinical examinations, CTA in all patients,
and DSA in two cases. The mean duration of follow-up was

35 months (range 15-75 months) and final outcome was
classified according to GOS standard score.

3. Results

Among the cases, there were 9 males (69.2%) and 4 females
(30.8%), and the age ranged between 11 and 63 years with an
average age of 32.6 years (Table 1). In terms of medical history,
there was only one case with hypertension, and no cases
were reported with any family history of AVMs. All cases
were manifested as acute onset of cerebral haemorrhage with
clinical symptoms including 13 cases of sudden headache, 6
cases of consciousness disturbance, 7 cases of hemiparesis,
and one case of epileptic seizure.

In evaluation of 13 cases with head CT scan, it was found
that 12 patients had intracerebral hematoma, with 1 case of
intraventricular hemorrhage. Among the cases, 4 hematomas
were located in the temporoparietal lobe, 3 in the frontal lobe,
2 in the parietal lobe, 1 in the occipital lobe, 2 in the basal
ganglia, and 1 in the left lateral ventricle. According to the
formula, the hematoma was calculated to be 5~90 mL with an
average value of 33 mL (Table 1). All 13 cases were examined
with CTA, the enhanced thin layer CT scanning was applied
to identify a tiny nidus of dense vessels located at hematoma
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FIGURE 1: One case showed abnormal venous drainage in CTA. (a) Postoperative day 1 of decompressive craniectomy, enhanced thin layer
CT scanning showing a tiny nidus of dense vessels in the front edge of hematoma. (b) VR reconstructed CTA images showing only abnormal
venous drainage, no obvious nidus and feeding artery. (c) DSA confirmed micro-AVM:s and feeding artery is a tiny branch of anterior cerebral

arteries.

wall in 10 cases (Table 1). After the application of VR recon-
struction in postprocessing workstation, a whole micro-AVM
composed of feeding artery, nidus, and venous drainage was
identified in 7 cases, with the nidus invisible, but abnormal
feeding artery was identified in 2 cases and abnormal venous
drainage was found in 1 case. Three cases were reported to
be negative by CTA. Five cases were examined with DSA and
4 cases were identified to be micro-AVMs. Among these five
cases, only abnormal venous drainage was observed in one
case with CTA (Case 13, Figures 1(a)-1(c)), and the following
DSA examination indicated that it was a micro-AVM whose
feeding artery was a tiny branch of anterior cerebral arteries.
In another case, only abnormal feeding artery without any
nidus and venous drainage was found during initial CTA and
DSA examination. After 8 months, this case has been con-
firmed to be micro-AVMs by later CTA and DSA, and mean-
while feeding artery, nidus, and venous drainage were clearly
visible (Case 10, Figures 2(a)-2(e)).

All 13 cases underwent definitive treatment, including
surgical resection in 10 cases, endovascular embolization in
1 case, and X-knife radiotherapy in 2 cases. In the case of sur-
gical operation, all cases were identified to be micro-AVMs
during operation. The hematoma volume of 6 cases is found
to be more than 40 mL, and upon complaints of symptoms
like consciousness disturbance, an urgent brain hematoma
removal and micro-AVMs resection were preferred. As a
result, 4 cases were chosen for selective operation when a
clear diagnosis has been established, including 2 cases under
MRI neuronavigation in surgeries for micro-AVMs to localize
the nidus and plan the craniotomy. One case of endovascular
embolization to treat micro-AVMs located in arterial blood
supply of the ventricle and additional two cases of radiation
therapy were performed. In patients subjected to radiother-
apy, 1 case was for eloquent area, which was treated with

conservative treatment for the first 8 months, and afterwards,
this case has been confirmed to be micro-AVMs by DSA,
for which X-knife treatment was applied. Another case was
reported in basal ganglia which is treated with X knife treat-
ment for function protection purposes after the hematoma
was absorbed. All cases were survived, except for 1 case which
appeared with transient declined myodynamia, and the
remaining 12 cases were recovered without any new compli-
cations after treatment. According to Glasgow outcome score,
achieved in the third month after discharge, 10 cases (76.9%)
were rated with 5 points (good recovery), 1 case (7.7%) was
rated with 4 points (mild disability), and 2 cases (15.4%)
were rated with 3 points (severe disability). During follow-
up period, no case of rebleeding or development of new
symptoms was reported.

4. Discussion

In 1987, Yasargil [1] first defined arteriovenous malformation
whose nidus is smaller than or equal to 1 cm as micro-AVMs.
Micro-AVMs are visible on angiography but in some cases
only abnormal arterial blood supply or abnormal venous
drainage can be found. The lesion should be identified from
cryptic AVMs which can only be confirmed by postoper-
ative histological examination [1] and are undetectable on
angiography and at surgery. The current literatures about
micro-AVMs are rare, so the true incidence of this disease is
difficult to ascertain. Some previous studies [2-4] found that
8-10% of arteriovenous malformation has been confirmed to
be micro-AVMs. Our studies accounted for about 8.2% of all
AVM cases in our department during this period and were
consistent with the previous reported data. Micro-AVMs
may represent a possible source of major cerebral hemorrhage
in young and middle-aged adults. In our study, the average
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(c)

(e)

FIGURE 2: Different imaging findings of a micro-AVMs case before and after the hematoma absorption. (a) Enhanced thin layer CT scanning
showed no obvious nidus on the day of the onset. (b) Enhanced thin layer CT scanning showed hematoma absorption and a tiny nidus of
dense vessels was found after conservative treatment (arrow indicated). (c) Abnormal feeding artery without any nidus and venous drainage
was found during initial CTA on the day of the onset. (d) Abnormal feeding artery without any nidus and venous drainage was found by DSA
on the second day since onset. (¢) Micro-AVMs, composed of feeding artery, nidus, and venous drainage, were clearly visible by means of

DSA 8 months after conservative treatment (arrow indicated).

age for this onset is 32.6 years. Except for a 63-year-old
case with history of high blood pressure, no risk factors
of cardiovascular diseases were found in these cases, which
indicated that there might be a risk of micro-AVM:s for young
and middle-aged patients presenting with intracerebral hem-
orrhage without hypertension. The clinical manifestations
of these 13 cases were intracranial hemorrhage, and micro-
AVMs were reported to have very high risk of hemorrhaging
[3-5], which is different from the other larger AVMs. As
reported, only 38-70% of AVM:s is associated with intracere-
bral hemorrhage, and it is generally believed that hemorrhag-
ing risk is associated with the angioarchitecture of AVMs [6].
There are two reasons for the hemorrhage bleeding caused by
micro-AVMs [4, 5]: the first reason is that the volume oflesion
is small and flow volume is low, so that ischemia symptoms
due to compressive or steal phenomena are not easy to

identify; on the other hand, compared with large AVM with
high-flow shunting, feeding pedicles of small AVM with low-
flow shunting have higher pressure and a greater tendency of
hemorrhaging. Bleeding occurs generally around the small
bridging arteries that anchor the draining vein to the sur-
rounding parenchyma, where arteriovenous fistula is easy to
form and can cause venous outflow hindrance and hyperpres-
sure [7]. Although micro-AVMs volume is small, the occur-
rence of bleeding can often lead to severe clinical symptoms
[3,5, 8]. The clinical manifestation depends on the location of
hemorrhage and the volume of the hematoma, both of which
call for an emergency surgery to remove the hematoma. In
this study, the mean volume of hematoma is 33 mL, including
6 cases more than 40mL, which leads to consciousness
disturbance and cerebral hernia. In addition, there are 7
cases of limb paralysis, whose hematomas mostly located in
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the temporal and frontal cortex surface, so the appearance
of bleeding may cause oppression to eloquent area. But after
timely treatment, most patients’ prognosis was good.

The diagnosis of micro-AVMs is difficult and challenging.
In the case of middle-aged and young patients with large
superficial hematoma, who had no medical history of high
blood pressure, the suspicion of micro-AVMs was relatively
high. Hino et al. [9] had reviewed the data of 137 patients with
spontaneous subcortical hematoma, of which 41 cases were
caused by specific vascular lesions. There are 4 cases where
no lesions were detected on initial angiography but were later
angiography visible. DSA is the best method for diagnosis
for micro-AVMs, and in young patients whose conventional
four-vessel cerebral DSA findings were negative or ques-
tionable, superselective angiography should be applied to
suspicious vessels to increase the ability to reach a diagnosis of
micro-AVMs according to the location of hematoma. Cel-
lerini et al. [5] have conducted superselective angiography
in 7 cases of suspected patients and confirmed the diagnosis
of micro-AVMs. In their conclusion, for young patients with
unexplainable bleeding, irrespective of negative or positive
results of DSA, further selective microcatheter angiography
was beneficial [5, 10]. Early hematoma compression may be
one of the causes of negative DSA result and later DSA exam-
ination can be applied after hematoma absorption to improve
the detection quality [2]. Also some scholars believed that the
dynamic enhanced cranial MRA and the t2-weighted MRI
images helped to find DSA negative patients [4]. In some
cases, where patients developed the brain hernia caused by
bleeding and were unable to conduct DSA or MR exami-
nation, CTA is expected to become a fast and convenient
alternative option. In our study, all patients admitted to the
hospital were examined initially by CTA, and the remaining
negative CTA patients were examined by DSA. We assumed
that the following three characteristics of CTA can help in
diagnosis: (1) CTA after reconstruction is presented as micro-
AVMs; (2) enhanced thin layer CT scanning can identify the
tiny nidus of dense vessels around hematoma; (3) images after
the reconstruction of CTA are presented as the abnormal
feeding artery or venous drainage. One of the first two rules
can be used as the criteria of diagnosis, whereas the third
can be used as indirect evidence of diagnosis. In our study,
among 13 cases of CTA examination, 10 cases showed the tiny
nidus of dense vessels near hematoma, and after reconstruc-
tion of CTA, 7 cases were presented as micro-AVMs, 3 cases
were found only with abnormal arterial blood supply, and
only1 case was found with abnormal venous drainage. Recon-
struction of CTA images often present abnormal arterial or
venous blood drainage, and the possible reasons are summa-
rized as below: (1) small volume of micro-AVMs located in
the superficial area which may lead to poor imaging after VR
reconstruction; (2) the technician’s lack of expertise to inter-
pret the indirect signs such as abnormal arterial or venous
blood drainage; (3) the hematoma compression, thrombosis,
and vascular spasm, and so forth. Therefore, we believed that
the diagnosis should not be too dependent on the reconstruc-
tion of CTA images, but more dependent on the reading of
the original thin layer CT scanning before reconstruction.
Through the reading of thin layer CT scanning, the tiny nidus

of dense vessels around the hematoma can be found to
indicate the location of nidus. For DSA and CTA negative
patients, the possible reasons can be summarized as follows:
the blood stream being slow, low-flow rate, pathological
changes in thrombosis, arterial spasm and hematoma leading
to pressure in vessels, and so forth. In the case of a patient with
hematoma in eloquent area, DSA and CTA are found without
any clear nidus, but with abnormal feeding artery. Eight
months later, the CTA indicated a tiny nidus of dense vessels
around the hematoma and DSA examination showed clear
micro-AVMs (Figures 2(a)-2(e)). We finally assumed that, for
patients in a critical condition, who were unable to conduct
DSA, the high-quality CTA can serve as a good alternative
and an abnormal arterial or venous blood drainage around
the hematoma with tiny nidus of dense vessels can be used
as a valuable indication for clinical diagnosis. To those who
were diagnosed negative with initial CTA examination, we
should conduct the DSA detection as soon as possible. For
patients with negative result of initial CTA and DSA, from our
own experience, repeated DSA examination 4 weeks later is
required because at this time the hematoma will be liquefied
or absorbed. For the highly suspected vascular disease cases
with negative DSA and CTA, the thorough surgical explo-
ration of the hematoma walls under the microscope is
necessary.

Surgical resection, endovascular embolization, and radio-
therapy are the three main treatment strategies for micro-
AVMs. In our series, 10 patients underwent surgical resection:
1 was treated with embolization and 2 received radiotherapy.
For the lesion on nonfunctional region of cortex, surgical
resection is still the preferred treatment. Precise localization
of the lesion is one of the main difficulties of in the operation.
According to the preoperative imaging and the relationship
between hematoma and lesions, neurosurgeons can largely
determine the location of the lesions. In the case of venous
drainage located in the superficial cortex, we can find lesions
according to the arterialized venous drainage in a retrograde
fashion; excision should follow the principle that feeding
arteries was cut off firstly. If there no apparent lesion is
found in arterial blood supply and venous drainage after
craniotomy, we can gently remove hematoma and then search
for the lesions according to the location of the hematoma.
Lesions usually located in hematoma wall are not difficult to
find. Neuronavigation technology or stereotactic technique
can be beneficial to the surgery [4]. In this study, there was
a case of micro-AVMs located in basal ganglia region and, for
surgical operation of this deep micro-AVMs, we adopted neu-
ronavigation with preoperative MRI to locate lesions which
could help to minimize the postoperative neurologic dam-
age. Endovascular embolization is highly recommended for
treatment of lesions that are difficult to be accessed through
surgical approach and with an obvious feeding arterial supply.
In this study, we performed Onyx for a case of periven-
tricular micro-AVMs, and the results were quite promising.
Even though endovascular embolization of micro-AVMs is
reported with good success rates, some studies largely relate it
with potential bleeding risk [11]. Comparatively, Onyx’s con-
trollability is superior to other liquid embolic agents as it can
avoid embolic agents entering normal blood vessels or venous



drainage. We certainly believed that the treatment with Onyx
may be safer, but there is no reported curative effect compared
to NBCA. For cases that are not suitable for surgery and
endovascular embolization, radiotherapy may be considered
as a good alternative therapy, because the lesion is small and
radiation is usually conducted after hematoma absorption.
In this study, we performed X-knife treatment strategy
with accuracy and effectiveness through enhanced CT posi-
tioning, and moreover, the patients had no complaints of
rebleeding during the follow-up period.

5. Conclusions

Although micro-AVMs incidence is rare, significant clinical
symptoms with hematoma and bleeding are very common.
CTA can be used as a good method of emergency inspection
because of its convenience and sensitivity. It is helpful to read
carefully enhanced thin layer CT scanning, and abnormal
feeding artery or venous drainage can be used as an indication
for indirect diagnosis. In addition, surgical resection is still
the preferred method of treatment for micro-AVMs, while
radiation therapy and endovascular treatment can be used in
case of deep lesions.
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Purpose. Electrical Bioimpedance Cerebral Monitoring is assessment in real time of health of brain tissue through study of passive
dielectric properties of brain. During the last two decades theory and technology have been developed in parallel with animal
experiments aiming to confirm feasibility of using bioimpedance-based technology for prompt detection of brain damage. Here,
for the first time, we show that electrical bioimpedance measurements for left and right hemispheres are significantly different
in acute cases of unilateral stroke within 24 hours from onset. Methods. Electrical BIS measurements have been taken in healthy
volunteers and patients suffering from acute stroke within 24 hours of onset. BIS measurements have been obtained using SFB7
bioimpedance spectrometer manufactured by Impedimed Itd. and 4-electrode method. Measurement electrodes, current, and
voltage have been placed according to 10-20 EEG system obtaining mutual BIS measurements from 4 different channels situated
in pairs symmetrically from the midsagittal line. Obtained BIS data has been analyzed, assessing for symmetries and differences
regarding healthy control data. Results. 7 out of 10 patients for Side-2-Side comparisons and 8 out 10 for central/lateral comparison
presented values outside the range defined by healthy control group. When combined only 1 of 10 patients exhibited values within the
healthy range. Conclusions. If these initial observations are confirmed with more patients, we can foresee emerging of noninvasive
monitoring technology for brain damage with the potential to lead to paradigm shift in treatment of brain stroke and traumatic
brain damage.

1. Introduction

Stroke is the third cause of death worldwide [1], killing more
than five million people annually. However, the devastating
consequences of stroke are not limited to these deaths.
The consequences also include neurological dysfunction for
another approximately five million people, thousands of
millions of € in cost for emergency care, rehabilitation,

and loss of productivity from those patients with permanent
disabilities [2, 3].

There are US Food and Drug Administration (FDA)
approved rescue therapies, such as recombinant tissue plas-
minogen activator rt-PA, for the 80-85% of the strokes
that are ischemic, but the effectiveness of this treatment is
significantly dependent on the time from onset to treatment

[4].
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FIGURE 1: Tetrapolar method for noninvasive EBI measurements. One pair of electrodes is used to stimulate the head with the measurement
current and another pair of electrodes senses the resulting voltage difference between the sensing electrodes.

Given the contraindication of rt-PA to patient with hem-
orrhagic stroke, 15-20% of the cases, proper identification of
type of stroke is paramount prior to the initiation of ther-
apy. Therefore successful treatment of stroke requires prior
differentiation between ischemic and hemorrhagic damage.
Unfortunately a correct differential diagnosis requires access
to medical imaging modalities like CT and MRI involving
processes that significantly increase the time door-to-needle,
consequently delaying the initiation of treatment [5].

Electrical bioimpedance (EBI) technology has been used
clinically and experimentally since the 1930s for assessment of
several different physiological and pathophysiological mech-
anisms at cell, tissue, organ, and whole body level [6, 7]. Both
applications of continuous single frequency measurements
[8-21] and bioimpedance spectroscopy analysis (BIS) are well
established in clinical practice [22-27] and their development
for new application continues.

The use of EBI for the assessment of brain damage has
been investigated from the 1950s [28] and during the last
decade several authors have been proposing BIS as a potential
useful noninvasive diagnostic tool for assessment of brain
damage [29-36].

Recently Atefi et al. [37, 38] showed that it is possible to
find differences in BIS measurements on patients having had
astroke. This paper presents clinical observations that suggest
that stroke yields changes in cerebral BIS already in the early
phases of stroke onset.

2. Methods

2.1. Bioimpedance Measurements. Bioimpedance spectro-
scopy (BIS) measurements were collected using the four-
electrode technique [39] where a pair of silver EEG electrodes
is used to inject alternating electrical current into the head
and a separate pair of electrodes is used to measure the
corresponding voltage difference on the surface of the head;
see Figure 1.

The transfer function between the current injecting pair
and voltage sensing pair will provide the transfer impedance
[40]. In this study current injecting and voltage sensing
positions are labeled according to the international 10-20-
electrode placement system. BIS from the left hemisphere
had current injecting pair placed on frontal and occipital
lobes of the left hemisphere (Fpl-Ol) forcing the current
to propagate into the left hemisphere and the voltage dif-
ference was measured in lateral and central areas. Lateral
voltage difference was measured between the left frontal and
temporal lobes (T6-F8) and the central voltage difference
was recorded between left parietal and frontal lobes (P4-F4).
Identical measurements on the right hemisphere had Fp2-02
for current pair, T5-F7 for lateral voltage difference, and P3-
F3 for central voltage difference; see Figure 2.

For each patient, the skin on the electrode positions was
prepared scrubbing with abrasive paste (EleFix) and then
the silver EEG electrodes dipped in electroconductive paste
(Elefix) were placed by an EEG expert to ensure accurate
electrodes positioning for each subject.

2.2. BIS Instrument and Transfer Impedance Estimation. BIS
was recorded by a commercial bioimpedance spectrometer
SFB7 manufactured by Impedimed Ltd. The SFB7 records BIS
at 256 logarithmically spaced frequency points in the range
3.096-1000 kHz by applying a sinusoidal current with con-
stant RMS amplitude of 200 yA at each frequency point and
calculating the transfer impedance at that frequency as the
ratio between the current pair and voltage sensing pair. This
way SFB7 calculates 256 complex impedance values known
as impedance spectra. Impedance spectra from central left
volume are labeled as Z; (w) and the one from right volumes
is labeled as Zqp(w). Similarly Z;; (w) and Z;x(w) indicate
lateral left and lateral right impedance spectra. This way
the resistance spectrum, the real part of the impedance, will
be denoted as Ry (w), Rep(w) for left and right central



BioMed Research International 3
TABLE 1: Patient details.

Patient Gender Age Lesion Location NIH Day 1

A M 82 Ischemic stroke Right MCA 19

B w 44 Ischemic stroke Left PCA 1

C w 70 Ischemic stroke Left PCA 6

D w 81 Ischemic stroke” Right PCA 4

E w 93 Ischemic stroke Right MCA 8

F M 82 Hemorrhagic stroke Lobar Left 1

G M 66 Hemorrhagic stroke Deep Right 12

H w 84 Ischemic stroke Left PCA

I M 56 Ischemic stroke Deep Left

] M 71 Hemorrhagic stroke Lobar Right 2

*See Appendix.

@ Current stimulation electrode
O Voltage sensing electrode

()

@ Current stimulation electrode
O Voltage sensing electrode

(®)

FIGURE 2: 10-20 international EEG landmarks. Indicates where the stimulating electrodes, filled circles, and the sensing electrodes, hollow
circles, were placed for performing the BIS measurement for each of the four measurement channels lateral and central for right and left side.

measurements, respectively, and R;;(w) and R;p(w) for left
and right lateral measurements.

2.3. BIS Measurements on Controls and Patients

Healthy Population. Three male subjects between 29 and 59
years of age and without any previous neurological compli-
cation were enrolled to Salhgrenska University Hospital. The
Ethics Regional Committee of Gothenburg approved clinical
protocols for these measurements.

Stroke Population. Ten patients, five female and five male
(mean age 73 + SD 14), were enrolled from the Stroke
Ward at Karolinska University Hospital in Huddinge. The
measurements were obtained within the first approximated
24 hours from onset. The precise onset time was not known
in several patients, due to onset during sleep. The NIH score
was 1-19 (mean 5,9 + SD 5,5). Four patients had hemorrhagic
stroke, one of which bled after administration of rt-PA. The
bleedings were located centrally in two patients (one in the
right putamen and one in the right medial occipital lobe) and

laterally in the other two (one in the left operculum and one
in the lateral part of the right occipital lobe). The six ischemic
strokes were of various sizes and location. Three were large
lesions in the territory supplied by the left posterior artery.
Two were infarctions in the region supplied by the right
media artery. One patient (patient I) had small infarctions in
the left nuclei caudati and putamen not visible on the initial
CT scan. Patient details are summarized in Table 1. The Ethics
Regional Committee of Stockholm approved all of the clinical
protocols.

BIS Measurements. Twenty (20) consecutive Z;;, Zip, Zcy.»
and Zsy spectroscopy measurements were recorded from
each healthy/patient and the mean resistance of each set was
calculated at each measured frequency, for example, mean of
20 resistance spectra for each set was calculated and labeled as
Ri1(w), Rig(w), Rep(w), and R (w), respectively.

2.4. Symmetry Analysis and Visualization of BIS Data.
Patients admitted with acute stroke, that is, less than 24 hours,
underwent either CT or MR scans as part of routine clinical
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FIGURE 3: BIS recording analysis diagram. 20 consecutive complex BIS measurements are recorded from 4 different volumes of each
healthy/stroke (Zcg;cr(w) and Z; g ;; (w)), and the real parts (Rg/cp(w) and Ry pp (w)) are analyzed by pair evaluating symmetry and

similarities.

procedures. Following the scan, after obtaining the written
consent, BIS recordings were collected from each patient and
transferred to MATLAB for data analysis; see Figure 3 for a
descriptive diagram.

The core hypothesis for comparison of healthy and dam-
aged brain is that identical volumes from the two hemispheres
of healthy subjects should have minimal differences in the
impedance spectra between hemispheres, while in cases
with unilateral brain injury this should not be the case
as the electrical properties of one hemisphere, that is, in
the damaged area is changed compared to its undamaged
counterpart.

In order to observe any differences between healthy and
damaged brains, two straightforward approaches have been
used:

Ist is Side-2-Side ratio: the ratio between symmetri-
cally located BIS measurements has been calculated
for the resistance spectrum, that is, one ratio has been
obtained for the left and right lateral measurements and
one for the left and right central measurements.

2nd is central/lateral ratio: the ratio between central
and lateral BIS measurements has been obtained for
the resistance spectrum; therefore again 2 ratios, one
for left and one for right, are obtained from each
subject.

In both cases, the ratio function obtained from the stroke
patient measurements has been plotted together with the
ratio obtained from the healthy control measurements.

3. Results

All the BIS measurements obtained for the healthy control
and the stroke patient group are plotted in the Appendix.
In this section for improving the readability, only results
obtained from the specific comparison required to support
the symmetric analysis are presented (Table 2 shows overall
comparison for all patients and ratios).

3.1. Healthy Control Cases. The spectral plots included in
Figure 4 reproduce the BIS measurements obtained for the
3 control healthy subjects. Observe that the spectra for right
with continuous trace (=) and left with dashed trace (--)
are basically paired according to location. In the same plots
it is possible observe that the central measurements, with
dark trace, present a larger impedance magnitude than the
measurements obtained from the lateral locations with light
trace.

In Figure 5 it is possible to observe that the Side-2-Side
ratio obtained from the symmetrically located BIS mea-
surements on healthy measurements is close to 1. The ratio
obtained for central measurements, continuous trace (-),
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TABLE 2: Overall comparison for all patients and ratios.

Patient
A B C D E F G H I
Ratio comparison
Side-2-Side central X X X X X
Side-2-Side lateral X X
Central/Lateral left X X X X X X
Central/Lateral right X X X X
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FIGURE 4: Healthy EBI Spectra. Lateral and central bioimpedance spectrum obtained for each of the 3 healthy volunteers in plots (a), (b), and
(), respectively. Central and lateral bioimpedance spectra are plotted in pairs.

exhibit a smaller dispersion than the ratio exhibit by
the lateral measurements with dotted trace (). Observe that
while the deviation from the unity at low frequency is very
small, it increases with frequency in some cases.

3.2. Side-2-Side Symmetrical Comparison. In Figure 6(a),
when comparing the Side-to-Side ratio obtained for the
central BIS measurements performed on all the patients, it is
shown that the ratio in at least 5 of the patients, dashed thick
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FIGURE 5: Side-2-Side ratio comparison in healthy EBI spectra.
Resistance ratio obtained for lateral and central BIS measurements
for the control cases.

trace (- -), exhibits a ratio noticeable larger than the unity
and the ratio values for the control measurements denoted
by the shadowed area. There are another 5 patients reporting
ratio values, continuous thin dark trace (-), within the range
exhibited by the control healthy group.

When looking at the Side-to-Side comparison for the
lateral measurements, the plot in Figure 6(b) shows that only
in 2 cases, dashed trace (- -), the ratio values are outside the
shadowed area. For the other cases, plotted with continuous
thin dark trace (-), the ratio values fall inside the limits
exhibited by the control group, blue shadowed area.

3.3. Central over Lateral Comparison. In Figure 7 the spectral
plots representing the ratio are obtained from comparing
central and lateral measurements in each subject. The ratio
plots obtained for the left side, Figure 7(a), indicate that
the ratio values obtained from healthy measurements, range
between 1.2 and 1.8 approximately. In the plot it is possible to
see that the ratio values from 6 patients (A-F), dashed thick
trace (--), produce ratio values clearly below or above the
control range. Patients (G-]) present ratio values within the
healthy range, continuous thin dark trace (-). For the right
side, in Figure 7(b), we can observe that there are 4 patients
(B, E G, and H) with ratio values, dashed trace (- -), above or
below the values 1.25-2.20 defining the healthy range.

4. Discussion

4.1. Side-2-Side Symmetries. The main working hypothesis is
that ideally, identical symmetric cerebral hemispheres will
exhibit similar impedance spectra, given that the measure-
ments are taken with electrode arrangements using anatomi-
cal landmarks from the midsagittal plane.
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In reality the cerebral hemispheres are not identical,
and the brain is not located within the cranium in perfect
symmetry with reference to the 10-20 landmarks. Moreover,
it is likely that the electrophysiology technician has certain
variability in the placement of electrodes. Such source of
error will likely influence in such kind of comparison but,
in any case, despite the potential sources of error that might
influence the different spectral BIS measurements, it is pos-
sible to see that the measurements on healthy volunteers are
remarkably similar when paired by symmetry with respect to
the midsagittal line as shown in Figures 4 and 5.

The obtained results show that the majority of the
patients, 7 out of 10, exhibit a ratio larger than the ratios
obtained from the healthy.

In general it is reasonably expected that a lesion in any
of the cerebral hemispheres should contribute significantly
to modify the current density distribution across the brain
and produce noticeably different BIS measurements between
channels that would otherwise produce similar, quasi-
identical, BIS measurements. A potential exception would
be centrally located lesions that could potentially preserve the
symmetry, but in this study all lesions were laterally located.

4.2. Other Expected Relationships between BIS Measurements.
Another observation that can be done from the BIS measure-
ments performed on healthy volunteers plotted in Figure 4
is that the magnitude of the resistance spectra from the
central measurements is larger than lateral measurements.
It is naturally expected with the measurement setup use
in the study that in healthy brain the BIS measurements
recorded from the central locations should be larger than the
measurements obtained from the laterally located channels,
but in addition it is also naturally expected that the central to
lateral relations should have a given maximum value as well,
delimiting a healthy range.

When comparing the BIS measurements regarding the
central and lateral channels included in the Appendix and
the ratios plotted in Figure 7, it is possible to see that in 8
out of 10 patients the values of the obtained ratios are below
or above the values obtained for the corresponding healthy
control cases.

4.3. Summary of Observations. When analyzing the results
from all the comparisons, it is possible to see that up to 9
patients present at least one or more resistance ratios different
from those calculated from the healthy control. The majority
of the patients, 6 out 10, exhibit 2 or more ratios out from the
healthy range. Taking a closer look at those other 4 patients,
G-J, we realized that in each of them the location of the brain
lesion was at the same level or below the third ventricle or the
putamen. Lesions at such depth might require electrodes to be
located in specific positions to force the current measurement
to flow through deeper structures.

4.4. Injury Depth, Electrode Location, and Impedance Sensi-
tivity. In a BIS measurement, the measurement current is
distributed through the volume according to the conductivity
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of the constituting tissue but it will also depend on the
location of the different tissue structures in relation to the
position of electrodes. With the position of both voltage and
sensing electrode used in this study, it is known that the
current density and the lead fields through deeper tissue
structures are significantly smaller [41] and therefore it will
have less contribution to the total measured impedance.
Therefore the altered conductivity of the brain injury might

not need to produce a noticeable difference in the BIS meas-
urement.

4.5. Relation to Related Work. The value of these initial obser-
vations is that they show for the first time that stroke,
already in its early phases, modifies the electrical proper-
ties of the brain and differences can be observed through



electrical bioimpedance spectroscopy measurements of the
head in acute unilateral stroke patients. This way validates
the theories and hypothesis presented in [30, 42-45] and
complementing simulation results reported recently in [46].
Where in an analogous manner of comparing hemispheric
left and right sides over using conductivity images obtained
with Electrical Impedance Tomography at a single frequency
for each hemisphere should not present any differences in
healthy subjects but in patients with unilateral stroke the con-
ductivity images showed observable differences, according to
the simulations.

4.6. Brain Damage Identification and Potential Usage of
EBCM. The ultimate goal of any novel diagnostic support
system for early detection of stroke would be not only to
detect the damage but also to differentiate between ischemic
and hemorrhagic damage. From that perspective, the pre-
liminary analysis performed in this study indicates that
no differentiation between stroke patients with ischemia or
hemorrhage could be done on the basis of the recorded BIS
measurements. Given the limited number of subjects and
considering the many differences among the stroke lesions
regarding location and type, clear distinctive differences in
the BIS data to allow any kind of type differentiation were not
expected in this first attempt of studying BIS data obtained
from stroke acute patients.

Differentiation of type of stroke damage based on BIS
technology, if possible, would provide bioimpedance with
a paramount importance in the stroke triage protocol, that
is, not the only way that BIS could be useful when caring
for stroke patients. A diagnostic tool available to the Emer-
gency Medicine Services personal onboard of the ambulance
that could perform quick and direct assessments about the
existence of brain damage would provide significant support
to paramedics when deciding to prioritize primary stroke
centers against closer nonprimary stroke centers like in stroke
triage protocols like in [47].

5. Conclusion and Future

It was known that patients with chronic stroke lesions
exhibited differences in BIS measurements [37, 38]; now
these initial observations confirm that changes can be noticed
from the initial phases, making bioimpedance spectroscopy a
potential candidate to base the development of a novel diag-
nosis support tool for prompt detection of stroke attack. To
remove the word potential requires an additional validation
that measurements of bioimpedance can indeed detect brain
damage within the first hour from onset. In this regard, efforts
led by the Royal Institute of Technology, a project proposal
has been submitted to the EU H2020 funding program, in
which, among other things, the detection performance with
time will be evaluated.

As it is known in stroke care Time is Brain because early
treatment produces better outcome [48]. Therefore to reduce
the door-to-needle time when caring for brain damage
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patient is very important and for that detection of ongo-
ing brain damage is a significant feature but, to eliminate
the door-to-needle time when treating acute stroke, it is
necessary not only to detect the on-going stroke but also
to differentiate the type in the very first stages of the care
process, for example, in the ambulance during acute transport.

While the replacement of CT technology by BIS tech-
nology in the stroke triage protocol seems far away in time
and slightly unrealistic at this point, to envision a tool for
assessment of brain damage for supporting first responders at
the earliest stage of a stroke triage protocol should guide any
development in the field of Electrical Bioimpedance Cerebral
Monitoring in the near future.

A priori EBI technology fulfills all the requirements to
allow the development of such BIS-based tool that is, portable,
noninvasive, affordable, and compact in size. Although these
initial observations on clinical data are very encouraging
and validate years of theoretical, simulation, and animal
studies yet extensive clinical, biomedical engineering and
more theoretical research must be executed towards the
development of such diagnostic tool for prompt detection
of brain damage. Among them, we can identify targeting
the acquisition of reference values for controls and BIS
characterization of healthy brain, the study of the several
factors influencing the bioimpedance of different types of
lesions specifically including size and location of the lesion.
Moreover future investigations should include the use of dif-
ferent arrangements of electrodes, to target deeper structures;
for such purpose 3D-simulations with realistic anatomic
models would be especially helpful.

Appendix

BIS Measurement Plots for Stroke Patients

See Figure 8.
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Endothelial progenitor cell is known to be able to repair injured vessels. We assessed the hypothesis that endothelial progenitor cell
also modulates cerebral endothelial function in healthy status. We used transcranial color-coded sonography to measure middle
cerebral arterial vasoreactivity to CO, (breath-holding index) in healthy subjects and observed its relationship with the number of
circulating CD34CD133+ cells. To detect significant correlations between each characteristic and breath-holding index of middle
cerebral artery, we used univariate and multivariate regression analyses. 22 young healthy subjects were included in the present study
(6 men, 16 women; mean age: 28.45 + 3.98 years, range: 22-34 years). The mean breath-holding index and CD45°"CD34+CDI33+
cells number were 0.95 + 0.48% and 0.52 + 0.26, respectively. The level of CD34CDI133+ cells was independently associated with
middle cerebral artery’s vasoreactivity (r = 0.439, P = 0.04). Our results suggest that endothelial progenitor cell also modulates
healthy cerebral vessels’ endothelial function. This ability of endothelial progenitor cell could be potentially applied therapeutically

and for prevention in conditions with cerebral endothelial dysfunction and cerebral ischemia.

1. Introduction

Circulating endothelial progenitor cell (CPC), mainly derived
from the bone marrow, is identified by the surface expres-
sion of CD34 and CDI33 epitopes (CD34+CD133+ cells)
[1]. In response to ischemic stimuli, endothelial progenitor
cell (EPC) will be mobilized from bone marrow to the
ischemic sites with increased number of CPCs [2]. Increasing
evidences have shown that EPC could contribute to, though
to variant extents, reendothelialization and vasculogenesis
after vascular damage [3-6]. Clinical studies have also proved
the association of CPC with injured cerebral vessels [7-10].
Patients with a lower CPC number after acute ischemic stroke
had a greater stroke severity and a poorer outcome [7-10].
Furthermore, numbers of CPCs have an inverse correlation
with numbers of cerebral infarcts and a positive correlation

with regional cerebral blood flow in patients with previous
ischemic strokes [8].

Cerebral vascular endothelial function could be evalu-
ated by cerebral vasoreactivity (CVR), which keeps cerebral
blood flow (CBF) constant in response to physiological
or pathological conditions. Although several vascular risk
factors are associated with a decreased number of CPCs,
in a study using flow-mediated brachial vasoreactivity mea-
surement in healthy individuals, the numbers of CPCs were
an independent and better predictor of vascular reactiv-
ity than the conventional vascular risk factors [11]. These
results suggest that, under the status of endothelial injury
by certain vascular risk factors, CPC might play a pivotal
role in the vascular endothelial function repair. However,
little is known about the role of CPC in cerebral endothelial
function of healthy individuals without any vascular risk
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factors. We hypothesized that CPC is associated with cerebral
endothelial function maintenance in healthy status without
any evidence of vascular injury. CVR to CO, is a surrogate
of cerebral endothelial function [12]. In the present study, we
used breath-holding test to measure CVR in healthy young
subjects and to observe its relationship with the number of
CPCs.

2. Materials and Methods

2.1. Subjects. Young healthy volunteers were recruited. People
with hypertension, diabetes mellitus, heart diseases, dyslipi-
demia, and smoking history would be excluded. The Insti-
tutional Review Board of Taiwan Veterans General Hospital
approved the study protocol and written informed consent
was obtained from all the participants before recruiting into
this study.

2.2. The Level of CPC. 10mL of peripheral blood samples
was collected between 10.00 and 11.00 h, at least one hour
after breakfast. Total mononuclear cells (MNCs) were iso-
lated by density gradient centrifugation with Histopaque-
1077 (density 1.077 g/mL, Sigma-Aldrich, St. Louis, MO).
Isolated MNCs were then incubated with 10 uL of FITC-
conjugated anti-human CD34 mAb (Biolegend, San Diego,
USA), 3 uL of PE-conjugated anti-human mAb CD133 (Mil-
tenyi Biotec Ltd., Surrey, UK), 10 uL of PerCP-conjugated
anti-human CD45 mAb (Becton Dickinson), and 10 L of
APC-conjugated anti-human KDR mAb (R&D Systems Inc.,
Minneapolis, Minnesota, USA) at 4°C for 30 min prior
to four-color flow cytometry analysis (FACScan, Becton
Dickinson, Sunnyvale, California, USA). Control isotype
immunoglobulin (Ig) G1 and IgG2a antibodies were obtained
from Becton Dickinson. The CPCs were represented as
CD45'°"CD34+CD133+ cells. The level of CPC was expressed
as the percentage of CD45°"CD34+CDI133+ cell num-
ber/MNCs number (%). To assess the reproducibility of CPC
measurements, CPCs were measured from 2 separate blood
samples in 10 subjects, and there was a strong correlation
between the 2 measurements (r = 0.90, P < 0.001).

2.3. Transcranial Color-Coded Sonography. To minimize
the angle-corrected bias, we used transcranial color-coded
sonography (TCCS) (iU22; Philips, New York, NY, USA),
instead of transcranial Doppler (TCD), to evaluate the blood
flow velocity in middle cerebral artery (MCA). TCCS was
conducted by the same examiner using the Philips ultrasound
system (iU22; Philips, New York, NY, USA). We used a center
transmit frequency of 2 MHz in color mode, and Doppler
gate at 5 to 10 mm. Angle-corrected velocity was determined
whenever angle correction was less than 60 degrees in a
straight arterial segment of at least 2 mm in length in all other
cases. The waveform of the MI segment of the MCA was
determined through temporal skull window from depths of
45 to 65 mm as unidirectional signals toward the probe at the
mesencephalic plane (Figure 1).

2.4. Breath-Holding Index (BHI). All individuals performed
the TCCS immediately after blood drawing and were lying
for rest for at least 5 minutes before the TCCS examination.
Firstly, the time-averaged-mean-velocity (TAMV) at baseline
(Viaseline) Was obtained from the average of the mean blood
flow velocity of three randomized cardiac cycles on Doppler
spectrum. Individuals were then instructed to hold their
breath after a normal expiration for 20 seconds. The TAMV
of the last cardiac cycle at the end of breath-holding was
recorded as the increased MCA blood flow in response to
CO, (Vgo,)- TAMV acquisition was continuous from base-
line to the end of breath-holding to make sure Doppler cursor
was at the same position. TAMV measurements were made
using built-in software (iU22; Philips, New York, NY, USA).
The BHI was calculated from these data as percent increase
in MCA mean blood velocity after breath-holding divided by
seconds of breath-holding ([Voo, ~Viaseline/ Voaseline] * 100/20)
(Figure 1) [13, 14]. In all individuals, we measured the BHI of
MCA on the right side. Compared with transcranial Doppler,
TCCS detects MCA flow velocity more reliably with visual
support (color signals and anatomic associations with the
other vasculatures and brain structures) and angle correction.
In 10 subjects, the coeflicient of variation of the measured BHI
of MCA (an interval of 1 h) was 5%.
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TaBLE 1: Clinical characteristics of subjects and the correlations
between each variable and middle cerebral artery breath-holding
index.

Subjects (n = 22) R P value

Age, years 28.45 +3.98 -0.081 0.719
Gender, M/F 6/16 —-0.047 0.835
Physiological values

Systolic B, mmHg 111.32 £ 11.15 -0.019  0.933
Diastolic BP, mmHg 69.36 £ 713 —-0.036 0.874
Heart rate, beats/min 75.86 + 9.44 -0.075 0.741
Body mass index, kg/m? 21.34 £2.94 0.171 0.448
Metabolic values

Total cholesterol, mg/dL 176.09 + 15.63 -0.091 0.688
LDL-cholesterol, mg/dL 88.50 + 15.96 -0.014 0.535
HDL-cholesterol, mg/dL 45.59 + 15.56 -0.037 0.871
Fasting glucose, mg/dL 79.27 +11.25 0.189 0.400
C-reactive protein, mg/dL 0.05+0.03 0.137 0.545

2.5. Statistical Analysis. Data were reported as the mean +
SD for numeric variables and as the number (percent) for
categorical variables. Continuous variables were tested for
normal distribution by the Kolmogorov-Smirnov test, and
all variables passed it (P < 0.05). To detect significant
correlations between each characteristic and BHI of MCA,
we used univariate and multivariate regression analyses. The
result of a correlation was represented by the correlation
coeflicient (r). It ranges from —1.0 to +1.0. The closer r is to
+1 or —1, the more closely the two variables are related. If r is
close to 0, it means that there is no relationship between the
variables. For all tests, P < 0.05 was considered statistically
significant. All analyses were performed with SAS software,
version 9.1 (SAS Institute Inc., Cary, NC).

3. Results

Twenty-two healthy volunteers (6 men, 16 women; mean age:
28.45 + 3.98 years, range: 22-34 years) were recruited. None
had history of hypertension, diabetes mellitus, heart diseases,
dyslipidemia, obesity, and smoking habits.

The clinical characteristics of the volunteers are demon-
strated in Table 1. There are also results of univariate and
multivariate regression analyses for detecting any possible
correlation between the BHI of MCA and each characteristic.
The results showed that age, gender, and physiological (BP,
HR, and BMI) and metabolic (total cholesterol, HDL, LDL,
fasting sugar, and CRP) values were not associated with BHI,
respectively.

Table 2 demonstrates the results of white blood cell
profiles and sonographic data. Only the level of CPC had a
significant effect on MCA's vasoreactivity response to CO, in
the multivariate analysis (r = 0.439, P = 0.04) (Figure 2).

4. Discussion

Current interest in EPCs centers predominantly on their role
in angiogenesis and repairing of injured endothelium. We
are the first to show that CPC is associated with cerebral
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FIGURE 2: Relationship between breath-holding index (BHI) of mid-
dle cerebral artery (MCA) and the level of circulating endothelial
progenitor cell (CPC).

TABLE 2: White blood cell profile and sonographic parameters of
subjects and the correlations between each variable and middle
cerebral artery breath-holding index.

(S:lllz e2c 5 R P value
Blood cell levels
White blood cells, /uL 6591 + 957.63  0.017  0.940
Mononuclear cells, /uL 525.45+228.76 —0.177  0.432
CD45"°"CD34+CD133+ cells, %  0.52 + 0.26 0.439 0.041"
Middle cerebral artery
Vi scetines /S 80.40 +14.49 —-0.383 0.078
Veo,> cm/s 92.23 £20.59 -0.061 0.786
Breath-holding index, % 0.95 +0.48 — —

*Significant after multivariate analysis.

endothelial function maintenance in healthy subjects. In our
study, the level of CPC is the only predictor of CVR in healthy
young individuals without any evidence of vascular injury.

The previous study has shown that the endothelial func-
tion assessed by flow-mediated dilatation of brachial artery
was significantly associated with the number of EPC colonies
in healthy middle-aged men [11]. The present study reveals
that the number of CPCs is also associated with the cerebral
vasoreactivity in the brain circulation. A lower level of CPCs
has been found in (1) subjects with more severe age-related
white matter changes [15], one kind of cerebral small vessel
disease, and (2) ischemic stroke patients with unfavorable
outcomes [7, 9,10]. We postulate that a dysfunctional cerebral
vasoreactivity may be involved in the pathophysiology.

The mechanism linking a lower level of CPCs and
decreased cerebral vasoreactivity might be the paracrine



effect of CPCs. Study has found that one of the CPC’s
functions is to promote cerebral endothelial function by
increasing prostacyclin (PGI,) production and intracellular
concentration of cAAMP found in animals [16]. Otherwise, low
levels of CPCs have been shown to be associated with higher
levels of homocysteine [17]. Since homocysteine causes
endothelial dysfunction [18], elevated levels of homocysteine
may mediate the relationship between a lower level of CPCs
and decreased cerebral vasoreactivity.

Our results suggest that CPC not only plays a critical role
of vascular repair and promotes new vessels formation in
ischemic tissues, but also modulates vasoreactivity in healthy
vessels. This ability of CPC could be applied therapeutically to
improve CBF through cerebral autoregulation enhancement
in cerebral ischemia but not yet infarcted lesions (penumbra)
or cerebral hypoperfusion status with poor cerebral autoreg-
ulation (e.g., leukoaraiosis; severe internal carotid artery
stenosis).

There are limitations of the present study. It should be
noted that this pilot study had a relatively small sample
size and that future larger studies are needed to elucidate
the relationship between CPC and cerebral autoregulation.
In addition, another limitation of the study is related to
its cross-sectional nature, and further longitudinal studies
are needed to determine the temporal relationships. Besides,
studies using another index of cerebral autoregulation other
than BHI should be conducted to test our present results.

5. Conclusion

The results of this pilot study suggest that EPC modulates
healthy cerebral vessels’ endothelial function. This ability of
EPC could be potentially applied therapeutically and for pre-
vention in conditions with cerebral endothelial dysfunction
and cerebral ischemia. Further studies on a larger population
of healthy individuals and cerebrovascular diseases patients
are needed.
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Presence of susceptibility sign on middle cerebral artery (MCA) in T2"-weighted magnetic resonance (MR) images has been
reported to detect acute MCA thromboembolic occlusion. However, the pathophysiologic course of thrombotic MCA occlusion
differs from embolic occlusion, which might induce different imaging characters. Our study found that the occurrence rate
of the MCA susceptibility sign in cardioembolism (CE) patients was significantly higher than in large artery atherosclerosis
(LAA) patients, and the diameter of the MCA susceptibility sign for CE was greater than for LAA. Moreover, the patients
with hemorrhagic transformation had MCA susceptibility signs with a significant larger mean diameter than patients without
hemorrhagic transformation. Therefore, we hypothesized that the morphology of susceptibility signs could be used to differentiate
acute cardioembolic and thrombotic MCA occlusions, which helped to select appropriate treatment strategies for different patients.

1. Introduction

Previous studies have reported that the middle cerebral artery
(MCA) susceptibility sign in T2"-weighted magnetic reso-
nance (MR) images can be indicative of an acute thromboem-
bolic occlusion [1-5]. Acute thrombi and emboli contain large
amounts of deoxygenated hemoglobin, which can severely
shorten T2-weighted signals. This magnetic susceptibility
effect produces a nonuniform magnetic field and a rapid
dephasing of proton spins, which result in signal loss that is
best observed on T2" susceptibility-weighted images [6]. The
MCA susceptibility sign presents as a significantly decreased
signal within an MCA trunk that exceeds the normal vessel
diameter [6]. The hyperdense MCA sign (HMCAS) is a
well-established marker of early ischemia on noncontrast
computed tomography (CT). Recent studies show that the
MCA susceptibility sign is more sensitive in predicting acute
thromboembolism than HMCAS in CT [7] and can be
used to predict the immediate effectiveness of intra-arterial
thrombolysis [3].

Cardioembolic (CE) stroke is usually associated with high
mortality as it has larger infarct size and higher rate of hem-
orrhage transformation compared to thrombotic occlusion.
The etiology of ischemic stroke affects prognosis, outcome,
and management. Traditionally, we distinguish CE from large
artery atherosclerosis (LAA) through information provided
by the speed of onset, history of atrial fibrillation, and infarct
size in imaging data. However, whether there are direct signs
to differentiate CE from LAA has not been well studied. The
objective of this study is to explore the differences in MCA
susceptibility sign between emboli and thrombi.

2. Methods

2.1. Subjects. From August 2010 to November 2012, 115
patients with acute MCA occlusion were admitted to our
institution. The inclusion criteria for acute MCA occlusion
patients were as follows: (1) all of the patients met the 2010
Chinese guidelines for the diagnosis and management of
acute ischemic stroke [8]; (2) acute MCA occlusion was the
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first attack; (3) the diffusion-weighted image (DWI), T2"-
weighted MR image, and head and neck MR angiogram
(MRA) were completed within 24 hours of symptom onset;
and (4) DWI confirmed that the infarct was distributed in the
unilateral MCA area. The exclusion criteria were as follows:
(1) there are recurrent cerebral infarction and past cerebral
hemorrhage; (2) MCA occlusion is caused by Moyamoya
disease, arterial dissection, vasculitis, tumor, and blood
hypercoagulability, among other causes; (3) thrombolytic or
anticoagulant therapies were performed prior to the imaging
examination; (4) MRA confirmed that the internal carotid
artery contained moderate stenosis or occlusion; and (5)
metal dentures affected T2"-weighted MR image quality.
Eight-four patients met these criteria eventually (Figure 1).
Among these 84 patients, there were 63 men (age range, 41-89
years; mean age, 63.6 years) and 21 women (age range, 47-86
years; mean age, 64.4 years). Our institutional review board
approved this study, but patient informed consent was not
required because this study was retrospective.

The patients were divided into two groups according to
the Trial of Org 10172 Acute Stroke Treatment (TOAST)
criteria [9]: CE and LAA. CE patients had classic clinical
manifestations, including a previous TIA or stroke in more
than one vascular territory or systemic embolism, together
with high-risk and medium-risk cardiac source for the embo-
lus. LAA patients had history of intermittent claudication,
TIA in the same vascular territory, and evidence of large
artery arthrosclerosis other than responsible vessel. There
were 18 (21%) patients in CE and 66 (79%) patients in LAA.

Stroke severity was assessed by using the National Insti-
tutes of Health Stroke Scale (NIHSS). All stroke severity
examinations were performed at admission and 1 week after
onset by a stroke neurologist. The mean NIHSS score at
admission was 11.3 (range, 4-25) and 1 week later 9.1 (range,
0-25).

2.2. MRI/MRA Protocol. All patients were examined on a
1.5-T MRI unit (Sonata, SIEMENS, Erlangen, Germany).
For T2*-weighted MRI, the slice thickness was 5 mm, and
the intersection gap was 2mm. For DWI using an echo-
planar sequence, the slice thickness was 5mm, and the b
values were 0 and 2,000 s/mm?. Additional parameters for
the acute stroke MR protocol were as follows: axial fast spin-
echo T2-weighted MRI (repetition time (TR), 3700 ms; echo
time (TE), 95 ms; excitations, 1; slice thickness, 5 mm; slice
gap, l mm; matrix size, 256 x 256; field of view, 240 mm)
and 3-dimensional time-of-flight MR angiographic images
(TR, 39 ms; TE, 6.5 ms; excitations, 1; slab thickness, 60 mm;
partitions, 60; matrix size, 160 x 512; field of view, 200 mm).

2.3. Image Analysis. The imaging data of all selected patients
met consensus reading by two experienced neuroradiologists
Sun A-P. and Sun Q.-L. who were blinded to the patients’
clinical information. MRI criteria for MCA susceptibility
sign were defined as low-signal images along the blood
vessel and exceeding vessel diameter of the MCA [7], espe-
cially compared to the contralateral artery (Figures 2 and
3). The signs were judged to be present on the basis of
only unanimous decision. If a disagreement had occurred,
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the sign would have been judged as absent. The diameter,
length, occurrence, and location (M1 or M2) of the low-
signal images were analyzed. The measurement method
used Image] software (Version 1.46, NIH, Bethesda, MD,
USA, http://rsb.info.nih.gov/ij/index.html). Infarct size was
expressed as a percentage of the high-signal area in DWI and
the area of ipsilateral hemisphere.

2.4. Statistical Analysis. The Statistical Package for Social
Sciences (SPSS version 16.0, SPSS Inc., USA) was used for
statistical analysis. Numeric values were expressed as the
means + standard deviations (SD), and categorical variables
were expressed as percentages. The independent-samples ¢-
test was used to compare the numeric values between CE and
LAA. The Pearson Chi-Square test was used to evaluate the
categorical data between the two groups. A value of P < 0.05
was considered statistically significant.

3. Results

3.1. Clinical Characteristics of CE and LAA Patients with
Acute MCA Occlusions. Among the 84 patients studied, there
were 18 patients in CE and 66 in LAA. The differences
between the two patient groups in terms of patient sex
(male/female, 14/4 versus 69/17), history of hypertension (61.1
versus 68.2%), diabetes (33.3% versus 28.8), hyperlipidemia
(66.7% versus 54.6%), or smoking (27.8% versus 36.4%) were
not statistically significant (P > 0.05). On average, CE
patients were significantly older than LAA patients (70.5+5.9
years versus 62.3 + 11.2 years, P < 0.01) and had a higher
proportion of history of coronary heart disease (50.0% versus
22.7%, P < 0.05). CE patients had a significantly higher
NIHSS score than LAA patients at admission (14.8+5.3 versus
10.3+4.6, P < 0.01) and after 1 week (12.2+6.3 versus 8.3+5.7,
P < 0.05) (Table 1).

3.2. Different Morphologies of MCA Susceptibility Signs in
CE and LAA Patients. Among the 84 acute MCA occlusion
patients, 63 (75%) presented an MCA susceptibility sign. A
greater number of CE patients were positive for the MCA
susceptibility sign compared to LAA patients (100% versus
68.2%, P < 0.01). Compared with LAA patients, CE patients
had larger-diameter low-signal images at the occluded artery
(5.4 +0.9mm versus 3.9 + 1.0 mm, P < 0.01), but the lengths
were shorter (11.2 + 2.2 mm versus 16.6 + 4.2 mm, P < 0.01)
(Figures 2(b) and 3(b)). The cut-off value were 4.385 mm
and 14.89 mm, respectively. M1 was the most common site of
positive MCA susceptibility sign without difference between
two groups (M1/M2, 14/4 versus 36/9, P > 0.05). Compared
with LAA patients, CE patients had significantly larger infarct
areas (32.6 + 21.5% versus 18.4 + 12.7%, P < 0.01) and
a higher rate of hemorrhagic transformation (27.8% versus
7.6%, P < 0.05) (Table 2).

In 63 cases with a positive MCA susceptibility sign,
the diameters of the low-signal images in patients with
hemorrhagic transformation were significantly larger than
in those without hemorrhagic transformation (5.4 + 0.9 mm
versus 4.1+ 1.2 mm, P < 0.01), although their lengths did not
differ (14.4 + 3.4 mm versus 15.2 + 4.7 mm, P > 0.05).



BioMed Research International

Imaging studies
Inclusion are completed
criteria ——| within 24h
Acute MCA L
occlusion ]
(115) . Undetermined Other causes Recurrent T;gggx)l;g{lylt;;tor
Exclusion || ) ¢ except for infarction therapies stalidentiresi(d
criteria etiology of MCA thrombosis and and hemorrhage before T2* -MR
Tusion (2) : . fore T (Ng
occ embolism (2) history (4) imaging (6

FIGURE 1: Patients selection flowchart.

(c)

FIGURE 2: The MCA susceptibility sign in CE patients. (a) MRA reveals an MCA occlusion. (b) T2"-weighted MR imaging indicates a large

diameter and a short, low-signal image along the MCA. (c) DWI shows a large-acreage cerebral infarction.

(a)

(b)

FIGURE 3: The MCA susceptibility sign in LAA patients. (a) MRA reveals an MCA occlusion. (b) T2"-weighted MR imaging indicates a
low-signal image with a relatively small diameter and long length along the MCA. (c) DWI shows that the infarct size was relatively small

compared to CE patients.

TaBLE 1: Clinical manifestations and risk factors of CE and LAA patients with acute MCA occlusions.

Types Total (n = 84) CE (n=18) LAA (n = 66) t/ XZ values P values
Sex (male/female) 63/21 14/4 49/17 X2 =0.094 0.762
Mean age (years, mean + SD) 64.1+10.8 70.5+5.9 623 +11.2 t=2975 0.004
Hypertension history (1, %) 56 (66.7) 11 (61.1) 45 (68.2) Xz =0.318 0.578
Diabetes history (1, %) 25 (29.8) 6 (33.3) 19 (28.8) )(2 =0.140 0.713
Coronary heart disease history (1, %) 24 (28.6) 9 (50.0) 15 (22.7) Xz =5.155 0.023
Hyperlipidemia history (1, %) 48 (57.1) 12 (66.7) 36 (54.6) Xz =0.848 0.363
Smoking history (#, %) 29 (34.5) 5(27.8) 24 (36.4) X2 =0.461 0.503
NIHSS score at admission (mean + SD) 11.3+5.0 14.8 £5.3 10.3 £ 4.6 t = 3.585 0.001
NIHSS score at 1 week later (mean + SD) 91+6.0 122 +6.3 83+5.7 t=2.513 0.014
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TABLE 2: The characteristics of MCA susceptibility signs in CE and LAA patients.
Types Total (n = 84) CE (n=18) LAA (n = 66) t/)(2 values P values
MSS positives* (%) 63 (75.0) 18 (100) 45 (68.2) X = 7.636 0.005
Diameter of MSS (mm) 41+1.0 54+09 3.9+1.0 t = 5.567 0.000
Length of MSS (%) 151+ 4.5 11.2+22 16.6 + 4.2 t =-5.135 0.000
Location of MSS (M1/M2) 50/13 14/4 36/9 2 =0.039 0.847
Infarct area (%) 21.5 +16.0 32.6 +21.5 18.4 +12.7 t =3.577 0.001
Hemorrhage transformation (%) 10 (11.9) 5(27.8) 5(7.6) XZ =5.504 0.019

*MSS: MCA susceptibility sign.

4. Discussion

In this study, we find that emboli and thrombi in acute
occlude MCA have different shape of susceptibility sign in
T2"-MRI. The susceptibility sign of emboli has a larger
diameter and relatively shorter length than thrombi, and
large diameter of susceptibility sign is related to hemorrhage
transformation.

In this study, T2"-weighted MRI can sensitively detect
acute thromboembolic MCA occlusion. 75% patients among
84 acute MCA occlusions have a positive susceptibility
sign. HMCAS on CT was thought to be the important
early changes in acute ischemic stroke of MCA territory
previously [10, 11]. However, a recent study indicates that 3D
susceptibility-based perfusion MRI allows the identification
of acute MCA thromboembolism with a sensitivity higher
than that of CT [7]. Compare with LAA, CE patients have a
higher occurrence rate of positive MCA susceptibility signs
in our study (18 of 18, 100%, versus 45 of 66, 68.2%). Kim
et al. [3] drew the same conclusion, as 13 of 16 patients
with a positive MCA susceptibility sign had a history of
atrial fibrillation and no evidence of LAA stenosis by digital
subtraction angiography. Cho et al. [12] also concluded
that MCA susceptibility is an independent predictor of CE
stroke. In their data, MCA susceptibility was more commonly
associated with CE stroke patients (31 of 40, 77.5%) than with
other stroke subtypes (14 of 55, 25.5%). However, the rate of
susceptibility sign in LAA might be underestimated in these
studies, as MCA stenosis sometimes were exaggerated as
occlusion in MRA which would induce false-negative results
of MCA susceptibility sign more easily in LAA patients.

Different composition of thromboemboli in CE and LAA
may create different shape of susceptibility sign although
deoxygenated hemoglobin in the thromboemboli is the main
material producing susceptibility sign. Cardiogenic emboli
are primarily composed of red thrombi, which contain
numerous erythrocytes and some fibrin. Intra-arterial pri-
mary clots, however, are mainly composed of white thrombi
that consist of varying amounts of cellular debris, fibrin, and
platelets, but only a small number of red blood cells [13-15].

An important finding of this study is that the MCA
susceptibility sign in CE patients is larger in diameter than
that found in LAA patients. There is strong evidence in
our study that the large diameters of MCA susceptibility
signs are associated with hemorrhagic transformation. The
destruction of the extracellular matrix integrity is considered
to be the cause of hemorrhagic transformation, especially

parenchymal hemorrhage after acute infarction [16,17]. How-
ever, arterial wall destruction is hard to observe by current
imaging technology. A recent study reported that increased
permeability is present in the basal ganglia region in patients
with parenchymal hemorrhage after acute stroke [18]. As the
bleeding site is close to the MCA trunk, the destruction of
the focal arterial wall might be the anatomic basis of the
parenchymal hemorrhage.

For acute thromboembolic MCA occlusions, the optimal
treatment option is thrombolysis [19]. However, the symp-
toms deteriorate once hemorrhagic transformation occurs
after intravenous thrombolysis. The selection of appropriate
candidate patients for thrombolysis is vitally important for
a favorable prognosis. Atrial fibrillation has been testified
as the independent risk factors for symptomatic intracranial
hemorrhage and no early recanalization after thrombolysis
[20, 21]. Our study indicates that larger diameters of MCA
susceptibility sign often present in CE patients and accom-
pany more hemorrhage transformation. Thus, the shape of
thromboemboli in T2*-MR imaging can help us to manage
patients with acute MCA occlusion. Recent study reported
that HMCAS length >10 mm or persistence of HMCAS on
follow-up CT scan was associated with poor outcome after
intravenous thrombolysis and needed ancillary therapy [22,
23]. Susceptibility vessel sign has been used to predict artery
recanalization [24] and metabolic state of infarcted brain
tissue [25].

The limitation of our study is that the cases did not have a
unified treatment plan. Thus we cannot come to a conclusion
about the effect of MCA susceptibility to the prognosis of
stroke treatment. Our next work will aim at the predictive
role of the shape of MCA susceptibility sign on outcomes of
intravenous thrombolysis in CE and LAA patients.

5. Conclusion

The morphology of susceptibility signs on T2"-weighted MR
images can be used to differentiate acute cardioembolic and
thrombotic MCA occlusions. The larger diameters of MCA
susceptibility signs in CE patients indicate a greater prob-
ability of hemorrhagic transformation after acute cerebral
infarction.
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Aim. To evaluate the feasibility of implanting 3D-printed brain aneurysm model in human cadavers and to assess their utility in
neurosurgical research, complex case management/planning, and operative training. Methods. Two 3D-printed aneurysm models,
basilar apex and middle cerebral artery, were generated and implanted in four cadaveric specimens. The aneurysms were implanted
at the same anatomical region as the modeled patient. Pterional and orbitozygomatic approaches were done on each specimen.
The aneurysm implant, manipulation capabilities, and surgical clipping were evaluated. Results. The 3D aneurysm models were
successfully implanted to the cadaveric specimens’ arterial circulation in all cases. The features of the neck in terms of flexibility and
its relationship with other arterial branches allowed for the practice of surgical maneuvering characteristic to aneurysm clipping.
Furthermore, the relationship of the aneurysm dome with the surrounding structures allowed for better understanding of the
aneurysmal local mass effect. Noticeably, all of these observations were done in a realistic environment provided by our customized
embalming model for neurosurgical simulation. Conclusion. 3D aneurysms models implanted in cadaveric specimens may represent
an untapped training method for replicating clip technique; for practicing certain approaches to aneurysms specific to a particular

patient; and for improving neurosurgical research.

1. Introduction

Cerebrovascular surgery is challenging and requires refined
technical skills and thorough knowledge of both brain vas-
culature and skull base approaches. Progressive technical
advances and good outcomes in patients with aneurysms
treated with endovascular techniques have modified surgical
indications for aneurysm clipping [1, 2]. At present, very
complex and challenging cases are presented more often to
cerebrovascular surgeons practicing at tertiary centers.

Research and training are essential for safe surgical
treatment of challenging cerebrovascular lesions. Surgical

research is critical for designing better approaches for the
treatment of difficult-to-reach aneurysms (e.g., basilar apex
aneurysms) and arteriovascular malformations (AVMs).
Also, educational models for cerebrovascular surgery are very
important to prepare neurosurgeons in managing challeng-
ing lesions early in their careers.

At present, there are two main models for surgical
training that complement surgical experience: augmented-
reality computer models and cadaveric surgical simulation.
Although very promising, the augmented-reality computer-
ized models do not provide a realistic surgical environment
due to many technological limitations (e.g., lack of brain
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manipulation or realistic surgical feedback). Cadaveric sur-
gical simulation is one of the best complements to surgical
experience as it allows very realistic surgical scenarios to be
simulated. Our group has recently published a customized
embalming formula for neurosurgical research that preserved
the natural physical features of the brain, most importantly
retraction qualities, therefore providing a very realistic surgi-
cal environment [3]. There are several reports on neurosurgi-
cal educational models using human cadavers in the literature
[4-8]. Aboud et al. designed a model to simulate human
blood flow in disease-free human cadavers for neurosurgical
training [7]. However, none of the models described in the
literature include the simulation of cerebrovascular surgical
scenarios in cadavers, using aneurysm models of lesions from
actual patients.

We propose a model of cerebrovascular surgical simula-
tion that includes, for the first time, the implantation of 3D-
printed replicas from real cerebrovascular lesions in human
cadavers. Using 3D-printed aneurysm models obtained from
patient’s radiological studies, we recreated several surgical
scenarios to investigate the potential use of this model for
neurosurgical research and training. In this report, we
describe our method and provide initial results on the appli-
cation of this model to basilar apex and middle cerebral artery
aneurysms.

2. Materials and Methods

In this model, we generated 3D-printed aneurysms from pre-
operative radiological studies of previously selected patients
and implanted them into 2 human cadavers (4 specimens)
prepared for surgical simulation. We also performed different
approaches on each side of the specimens to evaluate the
manipulation capabilities, visualization, and surgical expo-
sure of the models and discuss their potential role in cere-
brovascular research and education.

2.1. Preparation of Cadaveric Heads. The human heads were
sectioned in the neck at the level of C7. The carotid and
vertebral arteries as well as the jugular veins were dissected
Icm cranially from the section level to allow cannulation.
Tubing of different size was introduced into each vessel and
ligated using 2-0 suture. Then, the vessels were profusely
irrigated with saline solution until all blood and blood clots
were cleared out from the vasculature. Next, a customized
embalming solution [3] was manually injected through all
cannulated vessels repeatedly and the specimen was stored for
one week at room temperature. At this point, the specimens
were divided into two groups: (a) cerebrovascular training or
(b) surgical research. The criteria for selection were designed
to assign those specimens with best quality to the surgical
research group and included donors younger than 75 years
old and minimal degeneration of the spinal cord at the
edge of the neck section (which was used to infer the
quality of the encephalon before dissection). For training
purposes, and to simulate surgical bleeding, the specimens
were connected to two liquid reservoirs inside pressure bags
[7]. The tubing previously introduced in the arteries was

BioMed Research International

connected to one reservoir containing red colored saline
solution at variable arterial pressure (approximately 120-
140 mmHg). Tubing from the jugular veins was connected
to a reservoir containing dark blue saline solution at low
pressure (40-60 mmHg). After several training sessions, the
specimens in this group, already embalmed, were transferred
to the research group for bypass investigation.

The specimens selected for research were prepared for
latex injection to ease vessel identification during dissection
and maintain the vasculature in optimal conditions for all
research time. Red latex was injected to the common carotids
and vertebral arteries bilaterally until the arterial system was
completely filled. Then, dark blue latex was injected to both
jugular veins. Next, all tubing was clamped and the specimens
were stored immersed in embalming solution for 72 hours to
allow the latex to cure.

2.2. Aneurysm Model Production. The patient database of the
senior author (M. T. Lawton) was searched for patient selec-
tion. For research purposes, our selection criteria include the
following: (1) an aneurysm is considered suitable for surgical
treatment (broad neck, complex anatomy, and perforators
arising from the neck/dome), but surgical access is deemed
complex or no proximal control could be guaranteed; (2)
surgical treatment was suboptimal (incomplete closure, per-
forator entrapment); (3) poor patient outcome is related to
the surgical approach; (4) intraoperative aneurysm rupture is
present. For training purposes, we use the following inclusion
criteria: (1) aneurysm shape is best suited for surgical treat-
ment; (2) aneurysm is accessible from one approach; (3) prox-
imal control of the aneurysm is feasible. After patient selec-
tion, the radiological studies were anonymized and trans-
ferred to the center for cerebrovascular research for aneurysm
model reconstruction.

Part of our preoperative radiological protocol for patients
with cerebral aneurysms includes contrast-enhanced mag-
netic resonance angiography (CE-MRA) (TR = 5.5ms, TE =
1.8ms, 0.5 x 0.5 x 1.2mm) and a balanced fast field echo
sequence (TR = 5.2ms, TE = 1.8 ms, 0.5 x 0.5 x 1.2 mm),
which were acquired on an Intera 1.5T scanner (Phillips
Healthcare, Best, Netherlands). These studies are always set
in the same volume and orientation to visualize the vessel
lumen and surrounding thrombus. The CE-MRA dataset was
loaded into a dedicated software package [9] (ITK-SNAP,
http://www.itksnap.org/) for segmentation (Figurel). The
software generated an accurate real-sized surface of the
lumen, which was then saved. The balanced fast field echo
dataset was then loaded into a new window along with the
CE-MRA surface. The intraluminal thrombus dimension was
labeled manually while the CE-MRA surface served as a
marker for the lumen position (Figure 1(a)). The combined
surfaces were saved and exported to a 3D volume file (Figures
1(b) and 1(c)), which was printed in 3D (Fathom, Oakland,
CA) using rubber-like material (tangoBlackPlus) with shore
hardness A = 25.

2.3. Aneurysm Implantation. The 3D aneurysm model was
implanted in the specimens at the same anatomical region
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(green) and lumen (red) were identified and labeled in each slice of the magnetic resonance of the selected patient (a). The software-generated
vascular model was obtained for a patient with a basilar apex (b) and middle cerebral artery (c) aneurysm and the zone of interest was selected

and cropped for printing (brown square).

where it was originally located in the patient. An open cran-
iotomy was performed in the specimen, and the implantation
zone was exposed using standard surgical techniques: dural
opening, arachnoid dissection, cerebrospinal fluid suction,
and brain retraction. A surgical microscope (Carl Zeiss
Pentero) was used for intradural dissection. The implantation
zone was carefully exposed with minimal dissection of the
arachnoid cisterns. The aneurysm model was implanted to

the vasculature using cyanoacrylate (Loctite) with anasto-
mosis of the surrounding vessels to create a vascular model
similar to that of the actual patient. In the research group, the
branches of the 3D model were glued to the latex in the lumen
of the cadaver vasculature. In contrast, the branches of the 3D
models implanted in the training group were anastomosed
to the cadaver vessels using 8-0 sutures. This was possible
because the lumen of the vessels in the training group was
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TABLE 1: Surgical simulation experiments for aneurysm clipping in cadaver.
3D model Approach for implantation Side of implantation Approach for clipping
Orbitozygomatic Left Right orbitozygomatic
Basilar tip Orbitozygomatic Right Left orbitozygomatic
Orbitozygomatic Left Right orbitopterional
Orbitozygomatic Right Left orbitopterional
Pterional Left Left pterional
Middle cerebral artery Minipterional Right Right minipterional
Pterional Left Left pterional
Pterional Right Right minipterional

FIGURE 2: Surgical simulation photograph of a 3D-printed aneurysm
model implanted in a left-side opercular artery. The sylvian fissure
was completely split and the opercular arteries (M2) were exposed.
The aneurysm was implanted into the proximal segment of one
opercular artery. Both temporal clips and permanent clipping of the
aneurysm neck were trained during the surgical simulation.

hollow, and the 8-0 needle could be passed through the
3D model’s branches without deforming. To implant giant
aneurysms that generate mass effect to the surrounding tis-
sue, a Foley catheter was inserted first by us and inflated pro-
gressively at the implantation side to create anatomical
deformity related to mass effect and obtain the room required
to implant the aneurysm model.

3. Results

Basilar apex and middle cerebral artery aneurysm models
were created for evaluation. We selected these aneurysms
from the senior surgeons database because they represent
two frequent lesions. We also selected the basilar apex model
to illustrate a lesion that requires further surgical research
[10, 11]. A pterional approach was performed. The sylvian
fissure was carefully dissected as previously described [12]
and the deep sylvian cistern was exposed. A Foley catheter
was inserted into the anterior half of the deep sylvian cistern
and inflated 5mL to create mass effect. The procedure was
resumed the next day to allow full expansion of the sylvian
fissure. Following this, the aneurysm replica was glued to the
target middle cerebral artery, proximal M2 (Figure 2). After
clipping techniques and possible bypass anastomoses were
tried, the aneurysm was detached from the specimen.

Next, the orbitozygomatic (OZ) piece was taken [13]. The
frontal and temporal opercula were retracted and the carotid
cistern was dissected. The temporal pole was untethered by

dividing the vein to the sphenoparietal sinus and cutting
arachnoid adhesions to the middle fossa. Next, the tempo-
ral lobe was retracted posteriorly and laterally to expose
the interpeduncular cistern through the carotid-oculomotor
triangle. The precommunicating segment of the posterior
cerebral artery (P1) was followed proximally to the basilar
apex with extreme care to preserve the thalamoperforators.
At this point, the Foley catheter was inserted and inflated
3 mL to create room for implantation and left under pressure
overnight. Finally, the basilar apex aneurysm model was
implanted (Figures 3(a), 3(c), and 3(e)). A contralateral OZ
was performed to simulate the surgical clipping of the basilar
apex model (Figures 3(b), 3(d), and 3(f)). One permanent
clip was used during the clipping simulation experiment to
obliterate the aneurysm in the basilar apex model.

The 3D aneurysm models were successfully implanted to
the specimen arterial circulation in all cases. The flexibility
of the neck and branches of the aneurysm model allowed
successful clipping and manipulation similar to those of a
partially thrombosed aneurysm. The dome was also stiff
enough to produce mass effect to the surrounding structures
and preserve the original size and shape.

Four surgical approaches were successfully performed in
each specimen (Table1). The implanted aneurysm model
maintained the original position consistently in all simula-
tions. A navigation probe was successfully passed through the
recreated surgical exposure, proving that morphometric
comparative studies applied to neurosurgical simulation are
possible using a real aneurysm model.

3.1. Model Applications in Cerebrovascular Surgical Simula-
tion. This method provided three main advantages for cere-
brovascular surgical training. (1) The aneurysm implanta-
tion technique required meticulous dissection of disease-
free anatomy, which provided the prospect of learning the
surgical anatomy of the implant zone before being distorted
by the aneurysm model. (2) The mass effect created by the
Foley catheter and the introduction of the aneurysm model
into the normal vasculature offered a unique opportunity
to understand the patients’ neurological disease state caused
by tissue compression and identify the critical structures
beyond the aneurysm dome that must be preserved during
aneurysm dissection including vital arterial perforators. (3)
An aneurysm replica implanted into a human cadaver pre-
pared for bleeding simulation provided an optimal surgical
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FIGURE 3: Microscopic photography of left (a, ¢, and e) and right (b, d, and f) surgical simulation experiments for implanting and clipping a
basilar tip aneurysm. After a wide sylvian fissure split, the left carotid cistern was dissected to access the interpeduncular fossa (a). The 3D
aneurysm model was successfully implanted through the oculomotor triangle and positioned to match the target anatomy, basilar apex (c).
Next, an angled aneurysm clip was introduced and positioned across the aneurysm neck in the basilar apex (e). Then, the right transsylvian
approach was performed with the aneurysm model already implanted. The arachnoid dissection and perforator arteries manipulation were
affected by the aneurysm mass effect (b). The dome of the previously implanted aneurysm was mobilized to identify the aneurysm neck (d)
and an angled clip was applied to the basilar apex aneurysm neck (f). ICA: internal carotid artery, ON: optic nerve.

simulation scenario to learn and train dissection techniques
and maneuvers to safely clip and bypass real aneurysms.

The permanent implantation of an exact replica of a
patient aneurysm provided unlimited time to conduct
research; cadaver features remained constant throughout
the experiments. Four surgical approaches were successfully

performed in each specimen. The implanted aneurysm model
maintained the original position consistently in all simula-
tions. A navigation probe was successfully passed through the
recreated surgical exposure and to the implanted aneurysm,
demonstrating that future morphometric comparative stud-
ies could be carried out using a real aneurysm model.



4. Discussion

The development of the neuroendovascular field has brought
new perspectives to vascular neurosurgery. On one hand,
endovascular procedures are becoming safer and more appli-
cable to many types of aneurysms [14], increasing the rate of
aneurysms treated with this method [1]. On the other hand,
in many centers, the cases that are considered for surgery
are the most complex ones, whose endovascular treatments
have failed or are unsuitable [1, 15]. Because the number of
aneurysms considered for surgery is decreasing and becom-
ing limited to the most complex ones, the degree of expertise
required for its treatment is becoming harder to achieve. In
fact, the current caseload has been reportedly limited even for
simple cerebral aneurysms [16]. This volume-outcome effect
has been reinforced by larger regional and national databases
[17]. Due to this, new methods have to be considered for
effective microsurgical training and simulation to prepare
future generations for surgical aneurysm clipping [18].

This work presents a novel and promising anatomical
model for the study and training of brain aneurysm surgery.
In this model, the neck and branches of the aneurysms
showed flexibility similar to that of the living human. The
rigidity of the aneurysm dome was optimal to simulate com-
pression to the surrounding brain structures. Although tested
in only four specimens, the 3D aneurysm model presented
here proves feasible for implantation in the embalmed ca-
daver and optimally emulates the features of an aneurysm.

Other 3D aneurysm models have been previously
reported. D’Urso et al. (1999) created biomodels of cere-
brovascular lesions and stressed their use for complex case
preparation or when radiological data is unsatisfactory [19].
Similarly, Wurm et al. (2004) reported the utility of solid
plastic 3D models to better understand the anatomy of
aneurysms, further illustrating the superiority of 3D models
to other imaging methods [20]. In 2009, Kimura et al. used a
3D aneurysm model effectively for preoperative simulation
and surgical training [18]. The model by Kimura et al.
successfully allowed the practice of clipping due to its softness
and elastic features, exceeding other previous 3D models
in that it allowed for surgical training. In some cases, they
also developed a hard 3D model for representing the skull
base and the rest of the vasculature [18]. Similar results were
subsequently reported with a 3D model proposed by Mashiko
et al. (2011) [21]. Like the previous models, the ability to
estimate the clip(s) position, size, and shape preoperatively
when using our model allows one to avoid the occlusion of
parent vessels and to predict the best combination of clips
to obliterate the aneurysm. However, when the 3D model
is implanted in a cadaveric head, there are more anatomic-
related aspects that can be identified and analyzed (e.g., angle
of attack, clip fenestration, and limited exposure). Thus, we
have gone a step further in the recreation of an aneurysm
operative environment in that the previous aneurysm models
were not implanted in a naturalistic environment.

Although 3D radiological reconstructions have notably
improved the display of brain aneurysms and have provided
an important tool for neurosurgeons, there are certain cases
where this information might be insufficient to properly
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conceive certain features of an aneurysm such as intraluminal
thrombus. Furthermore, the 3D reconstruction does not
identify the relationships between the surrounding brain
structures and the aneurysm, which are essential in vascular
surgery. In the most complex cases, the creation of a 3D
1:1 replica of the patient’s aneurysm and its subsequent
implantation in a cadaveric specimen may assist the surgeon
in determining how to attack the aneurysm by selecting
the best positioning and approach. Bearing this in mind,
standard craniotomies may be modified to achieve better
visualization and control of the lesion and to avoid potential
damages to other brain structures secondary to manipulation.
As previously stated, using this sort of 3D model allows one
to predict the type and number of clips as well as the way
they should be applied for best results [18]. In fact, the neu-
rosurgeon can recreate the surgical procedure in the lab-
oratory and modify his/her previous strategy (originally
based on radiological reconstructions) as he/she realizes
that certain modifications can improve the feasibility of the
surgical procedure and, eventually, the final outcome of the
patient. Therefore, the model proposed in this report allows
for a thorough study and optimal design of a particular case,
which could be considered a form of personalized surgical
therapy. Although the most important limitation of this
procedure is that the bony anatomy in the cadaver would
not be specific to the patient who needs treatment, this
model provides the most realistic method to test the different
surgical options and weigh their differential benefits and risks
for a particular type of aneurysm. In other words, the 3D
aneurysm model implanted in a cadaveric specimen would
prepare the neurosurgeon to the “surgical battle,” choosing
the best strategy to defeat a specific and carefully assessed
enemy with the least collateral damages.

The impact that this cadaveric simulation model may
have in the training of resident neurosurgeons and inexperi-
enced neurosurgeons should also be taken into consideration.
As previously stated, endovascular success is leading to lim-
ited exposure to aneurysm surgery during residency training
[22]. In centers with large experience and comprehensive
cerebrovascular teams, this situation exposes residents to
challenging cases early in their training, without adequate
experience in the simplest cases. However, in centers without
a strong cerebrovascular caseload, residents may not be
confronted with enough cases to achieve self-confidence and
skills in the management of aneurysms to safely transit them
to unsupervised practice. Several studies have demonstrated
a negative correlation between operative outcomes and the
experience of a surgeon [23-25]. Therefore, there is a greater
need for developing measures that ensure training is tailored
to maintain proficiency in cerebral aneurysm surgery [22].

3D virtual reality environments have been created as a
tool for neurosurgical trainees to learn surgical approaches
to vascular lesions [26]. Although the advances in virtual
reality computerized models and neuronavigation have been
presented as potential contributors to training surgical skills
[27], it is widely agreed that human cadaveric models are
anatomically the most realistic ones [28].

With this in mind, the application of the 3D aneurysm
implantation model presented here may help overcome
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decreased clinical exposure to simple aneurysm cases by
including hands-on training in the most frequently surgically
treated aneurysms. All the previous 3D aneurysm mod-
els reported have emphasized the potential utility of this
biomodels for trainees [18-20, 29]. This educational feature
has also been considered in the present work; as explained
above, a 3D model for training purposes was created (see
Section 2) and suitably implanted in a cadaveric specimen.
Advanced residents and novel neurosurgeons could take
advantage of this model and revise the approaches to the most
frequent aneurysms stepwise in a more realistic environment.
The repeated exposure and participation in operative proce-
dures are considered essential in a surgical training program
[30]. Training with cadaveric-implanted 3D models could
lead to increased competence required to provide safe and
efficient treatment to the most urgent and complex cases.
In addition, this model might also be useful in objectively
evaluating the acquisition of core competence and skills in
cerebrovascular surgery.

Although the utility of 3D models may be accepted as
useful tool for surgical planning and training, it should not
be considered as a substitute of the active participation in real
neurovascular surgeries. These models should be considered
as tools for developing microsurgical abilities that can be later
applied to real patients under supervision of an experienced
surgeon. The use of these new educational tools, one day, may
not only compensate for decreased microsurgical experience,
but also improve neurovascular surgery clinical outcomes.

The models used in the present study were rigid and com-
pact to represent both partially thrombosed aneurysms and
the mass effect against the surrounding anatomy. However,
the current printing technology allows for hollow-type vessel
printing, which our team had successfully printed in the past.
One of the benefits of 3D-printed aneurysms for teaching and
training institutions is that they can be used multiple times
and implanted in different locations with similar target vessel
diameter, posterior inferior cerebellar artery and anterior
inferior cerebellar artery.

Another potential application of the presented model is
surgical research. 3D radiological models were developed to
simulate the intra-aneurismal hemodynamic, which is asso-
ciated with aneurysmal growth and whose appropriate eval-
uation is critical for endovascular procedures [31-34]. How-
ever, when surgery is the selected treatment, it is common to
confront cases where the surgical approach is controversial
(e.g., basilar tip aneurysms) or is not as standardized as
others. Assessing the different approaches for controver-
sial microsurgical management of complex aneurysms (aneu-
rysms without a sole optimal approach) can provide scientific
solutions to surgical dilemma. We are currently using this
model to assess the available surgical approaches to several
complex and controversial aneurysm cases by means of mor-
phometric analysis (surgical freedom, surgical corridor, sur-
gical exposure, and angles of attack) and comparative ana-
tomical evaluation. This method represents an improvement
in the field of neurosurgical research as it allows measure-
ments and exposures to be made on an actual aneurysm
(surgical target) in an aneurysm-related spatial distortion
rather than in a random anatomical point.

Considering that this method adds to the cost of the
conventional cadaveric training, it is essential to select appro-
priate cases for performing such 3D model implantations and
eventually recreating the surgical conditions. Most simple 3D
aneurysm models may be useful for residents training, and
standard models can be generated to this purpose, which
could lead to industrial production and lowering costs. Nev-
ertheless, complex cases that typically have specific aneurysm
features must be carefully selected. In this regard, large/giant
size aneurysms are proven to be largely associated with the
outcome and surgical difficulty [1]. Moreover, the location
(being posterior circulation aneurysms of high complexity),
previous coiling, and complex patterns of perforators might
be other features that increase the complexity when surgically
clipping an aneurysm. In all cases that present one or more of
these complexities, the model presented in this report may be
helpful for getting the best surgical result.

4.1. Study Limitations. At present, 3D printers are limited to
models larger than 1 mm if plastic compounds are chosen.
Therefore, patients with very small aneurysms cannot be
reproduced using our model. The reproduction of the exact
features of an aneurysm from a particular patient can be chal-
lenging and limited by the current resolution of the radiologi-
cal studies. Perforator branches taking off from the aneurysm
dome and/or its vicinity are not typically identifiable in an
MRI. Thus, inability to reconstruct real aneurysm perforators
is of technological nature and therefore an absolute limitation
of the present. However, the constant resolution optimization
in medical technology could potentially make perforators vis-
ible in routine patient neuroimaging and overcome this limi-
tation. Therefore, legitimate reconstruction of aneurysm per-
forators is a future possibility. In the meantime, an approxi-
mation to realistic aneurysm perforator reconstruction could
be based on postoperative photographic review and deliber-
ate generation and rendering of the perforators in the model
creation process.

Using postmortem models has inherent limitations. In
this model, evaluation of both successful aneurysm clipping
and preservation of surrounding perforators is limited to
visual inspection. One of the obvious limitations of the
present model is the lack of clinical deficits from perforator
entrapment or sustained retraction. However, we see this
limitation as one of the benefits of our model, which can serve
as a harmless battleground for cerebrovascular innovation
through practice. In the same way, cerebral “relaxation” with
the use of intravenous mannitol and other strategies used in
anesthesia to ease surgical maneuverability are not possible
to recreate. However, we see this limitation as another benefit
of our model as it forces new surgical strategies to be tested
in a surgical scenario much more limited than the real proce-
dure in patients. The reader should note that a customized
embalming formula for neurosurgical simulation was used
[3]. The specimens embalmed with our method provided
significantly better retraction profiles than those treated with
classic embalming solutions. Successful aneurysm implan-
tation, especially of giant aneurysms, is highly dependent
on brain manipulation. We routinely use the customized



embalming solution for neurosurgical simulation and have
not tried our 3D aneurysm implantation model in specimens
embalmed with other solutions.

5. Conclusion

Cerebrovascular surgery is a demanding specialty that
requires the acquisition of certain microsurgical skills for suc-
cessfully clipping aneurysms. Shifting surgical trends brings
to cerebrovascular surgery increasingly complex cases, which
may require treatment by less experienced neurosurgeons.
Our 3D aneurysm model represents a good surgical model for
studying relative cerebrovascular anatomy, for confirming the
aneurysm’s relationship with other brain structures, and for
identifying which surgical approaches are the most suitable
for confronting certain aneurysm.

This model provides a substantial improvement in cere-
brovascular surgical simulation. The application of this model
in cerebrovascular research could provide an unparalleled
opportunity to design better surgical options for patient-
specific aneurysms in cadavers. This method allows surgical
exposure similar to that in the real surgical procedure, repli-
cating the constraints of particular surgical corridors in the
setting of clip application and the relative surgical freedom to
apply aneurysm clips between specific surgical corridors (on
a cadaver) to certain patient-specific aneurysms.

It may serve as an indispensable tool for selecting the
most suitable surgical approach in complex cases. The contri-
bution of these models in operative training and neurosurgi-
cal research are now as important now as ever, given the con-
tinuous decline in case volume in complex cerebrovascular
surgical cases available for resident training.
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Upregulation of protein kinase B (PKB, also known as Akt) is observed within the cerebral arteries of subarachnoid hemorrhage
(SAH) animals. This study is of interest to examine Arctigenin, a potent antioxidant, on endothelial nitric oxide synthase
(eNOS) and Akt pathways in a SAH in vitro study. Basilar arteries (BAs) were obtained to examine phosphatidylinositol-3-kinase
(PI3K), phospho-PI3K, Akt, phospho-Akt (Western blot) and morphological examination. Endothelins (ETs) and eNOS evaluation
(Western blot and immunostaining) were also determined. Arctigenin treatment significantly alleviates disrupted endothelial cells
and tortured internal elastic layer observed in the SAH groups (p < 0.01). The reduced eNOS protein and phospho-Akt expression
in the SAH groups were relieved by the treatment of Arctigenin (p < 0.01). This result confirmed that Arctigenin might exert
dural effects in preventing SAH-induced vasospasm through upregulating eNOS expression via the PI3K/Akt signaling pathway
and attenuate endothelins after SAH. Arctigenin shows therapeutic promise in the treatment of cerebral vasospasm following SAH.

1. Introduction

Delayed ischemic neurological deficit and acute cerebral
ischemia subordinate to subarachnoid hemorrhage (SAH)
have become a serious and fatal subcategory of stroke in
patients following a ruptured aneurysm [1-4]. Connolly et al.
stated the mortality rate in SAH patients ranged from 27%
to 44%, and almost half of SAH patients survive with serious
sequel of cognitive and functional impairment [5, 6]. Despite
more than a half century of studies trying to correct and
prevent vasospasm, so far there is no definitive treatment to
reverse this devastating condition [7-10].

A mounting body of both direct and indirect evidence
shows that spasmogens or ligands are critical in the devel-
opment and maintenance of cerebral vasospasm [11-15].
Basic and cellular studies also imply two major hypotheses
on cerebral vasospasm: one focuses on the synergic roles
of nitric oxide (NO), nitric oxide synthase (NOs) [16-
21], and endothelin-1 (ET-1) [11, 20, 22-25] and the other
on intracellular signal transduction [26-30]. The putative
importance of NO/ET and mitogen-activation protein kinase
has not been fully emphasized; even its role in the genesis
of cerebral vasospasm has been unclear. Owing to lack of
effective therapies to halt this condition in SAH patients,
continuous studies have focused on the pathogenesis of SAH.
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Nitric oxide (NO), an effective endogenous vasodilator,
is essential to vascular homeostasis and angiogenesis [31,
32]. Endothelial NO synthase is phosphorylated by various
stimulations including activation of phosphatidylinositol 3-
kinase (PI3K)/protein kinase B (Akt) pathway in endothelial
cells [16]. Likewise, endothelin-1 (ET-1), known as a potent
vasoconstrictor and promitogen, is implicated in the patho-
genesis of various cardiovascular, renal, pulmonary, and cen-
tral nervous system disorders [33-37]. Through coupling with
ETA, a G protein receptor, ET-1, mediates vasoconstriction,
whereas with ETB, it exerts a vasodilatation effect through
the release of nitric oxide (NO) and prostacyclin [38]. Recent
studies suggest that ET-1 stimulates the proliferation of
vascular smooth muscle cells and adjudicates the interactions
between leukocytes and cerebrovascular endothelium [10].
Through binding to distinct receptors, ET-1is believed to play
a critic role on mediating a variety of vascular diseases.

Arctigenin, an extract from Arctium lappa L., has been
reported to have a variety of pharmacological activities
including antioxidant, anti-inflammatory, antiproliferative,
and antiviral activity [34, 39-42]. It has been shown potent
in vitro anti-influenza A virus and neuroprotective against
Japanese encephalitis in a mouse model [43]. In a rodent
study of transient middle cerebral artery occlusion, Arcti-
genin was demonstrated to be neuroprotective by suppress-
ing microglia activation and decreasing IL-13 and TNF-«
expression as well as ameliorating memory impairment in
Alzheimer’s disease in vitro study [44, 45].

Taking these findings together, it is reasonable to hypoth-
esize that Arctigenin is able to reverse basilar artery spasm
through activating phospho-Akt and subsequent increased
eNOS expression. We used two-hemorrhage SAH model,
measured the diameter of basilar artery, and examined the
expression of ET-1, eNOS, and phospho-Akt in the basilar
artery following SAH.

2. Methods

2.1. Materials. Arctigenin, C,;H,,0¢, an extract from A.
lappa plant, was bought from Excel Biomedical Inc., Neihu
Dist, Taipei 114, Taiwan, authorized by Cayman Chemical.
Polyclonal anti-rat Anti-PI3K antibody (PI3K (P85) anti-
body), anti-phospho-PI3K antibody (phospho-PI3K (P85)
(Tyr458)/(p55) (Tyrl99) antibody), anti-Akt antibody (Akt
antibody), and anti-phospho-Akt antibody (phospho-Akt
(Ser473)) were obtained from Cell Signaling Technol-
ogy (Beverly, MA 01915, USA). Horseradish peroxidase-
conjugated (HRP) goat anti-rabbit IgG was purchased from
R&D Systems, Inc. (Minneapolis, MN 55413, USA). CNM
protein extraction kits were from Biochain (Hayward, CA
94545, USA). Arctigenin in a minipump was prepared by Ms.
Wu SC (Kaohsiung Medical University Hospital, Kaohsiung
807, Taiwan, ROC), and 0.9% saline was used as a vehicle.

2.2. Induction of Experimental SAH. Fifty-four male Spra-
gue-Dawley rats, weighing between 340 and 440 g (NLAC,
Education Research Resource, National Laboratory Animal
Center, Taiwan), were used in this study. All the experimental
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protocols were authorized and superintended by the Univer-
sity of Kaohsiung Medicine Animal Research Committee and
were compliant with the Declaration of Helsinki (1964). A
modified double hemorrhage SAH model was employed [46].
The rats received anesthesia by an intraperitoneal injection of
7 mg/kg Zoletil 50 (VIRBAC, L.I.D., Carros 06516, France).
0.1 mL/100 gm fresh arterial blood was withdrawn from tail
artery and injected into the cisterna magna using a stereo-
tactic apparatus (Stoelting, Wood Dale, IL 60191, USA). After
the induction, animals were placed in ventral recumbent
position for 30 min. to let ventral blood clot formation. After
monitoring for respiratory distress and giving mechanical
ventilation if necessary, the animals were returned to the
vivarium until becoming fully awake. A habitat with a
12h light-dark cycle and access to food and water ad lib
was offered. To perform the induction of 2nd SAH, the
animals received repeated injection of SAH at 48 h after 1st
SAH to maintain the tendency of delayed vasoconstriction.
Thereafter, the animals received perfusion-fixation 72 h after
2nd SAH.

2.3. General Design of Experiments and Treatment Groups.
The animals were randomly assigned into the following
subgroups (9 rats/group): (1) sham operated (no SAH), (2)
SAH only, (3) SAH-plus vehicle, SAH rats receiving Arcti-
genin treatment (4) 50 uM/kg/day, (5) 150 uM/kg/day, and
(6) 450 uM/kg/day. The dosage was adjusted according to the
study of a rabbit arterial ring test. The first injection was given
at 1hr after induction of SAH by using an osmotic minpump
(Alzet corp, Palo Alto, CA 94301, USA) intraperitoneally. The
animals were sacrificed by perfusion-fixation 72 h after SAH.
Cortical tissue samples were obtained by means of placing a
20-gauge needle inserted 5mm in depth into the skull bone
through a burr hole craniectomy at a 24 h interval.

2.4. Perfusion-Fixation. By the end of the study, the ani-
mals were reanesthetized by administration of Zoletil 50
(7 mg/kg). The femoral artery was catheterized to monitor
blood pressure and obtain blood to determine arterial blood
gas, Na*, K", GOT, and GPT levels. Perfusion-fixation was
performed as opening the thorax, and the left ventricle was
canalled with a NO18 catheter by clamping the descending
aorta and opening the right atrium simultaneously. 100 mL
0.01M phosphate buffer (pH 7.4) was perfused followed
by fixation with 100 mL 2% paraformaldehyde in the PBS
solution at 36°C under a pressure of 80 mm Hg. The harvested
brain was immersed in a fixative at 4°C overnight. Visual
inspection made sure that formed clots overlay the basilar
artery (BA) in all SAH animals.

2.5. Measurement of Basilar Artery (BA) Cross-Sectional Area.
Five selected cross-sections from the BA of each animal were
randomly analyzed by an examiner blinded to the treatment
groups. The tissues were frozen instantly and cut into 25 ym-
thick sections (Reichert-Jung Ultracut E ultramicrotome).
They were then stained with hematoxylin and eosin for video-
assisted microscopy and the analysis of BA cross-sectional
area.
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TaBLE 1: Physiological parameters among the experimental groups.
Group ' . Parameter
Body weight Systolic Blood GOT/GPT BUN/Cr pH Temperature
(gm) pressure (IU/L) (mg/dL) °C)

Sham 374 + 24 104 £ 12 92+3.1/71+2.8 4.0 +£2.3/0.23 £0.14 736 £ 0.04 36.5+ 0.33
SAH 360 + 31 111+38 10.2 + 4.0/11.2 £ 3.0 9.4 £1.3/0.55 £ 0.14 737 £0.10 36.1+0.41
SAH + Vehicle 359 + 46 102 £12 12.4 + 4.0/10.6 +£ 3.8 10.2 £3.5/0.48 £ 0.16 738 £0.15 36.6 + 0.42
SAH + Arctigenin

50 uM/kg/day 366 + 49 108 +13 10.8 £ 4.2/13.4 + 4.8 10.4 + 4.3/0.88 £ 0.35 736 + 0.14 36.8 £ 0.32

150 uM/kg/day 368 £+ 36 100 £ 12 12.6 £3.8/7.8 £ 4.2 11.6 + 4.1/1.3 £ 0.38 736 £ 0.41 36.6 + 0.51

450 uM/kg/day 370 £ 42 94 + 34 13.5+2.6/7.8 £ 3.8 12.4 +£2.6/0.86 + 0.43 738 £0.13 36.7£0.13

Results are expressed as the mean + SEM, n=9; p < 0.01 versus SAH condition by one-way analysis of variance (ANOVA) analyses followed by Mann-Whitney

U-test.

2.6. Hemodynamic Measurements. Heart rate, blood pres-
sure, and rectal temperature were monitored in the animals
before and after Arctigenin administration at intervals of
12h after the induction of SAH by using a tail-cuff method
(SC1000 Single Channel System, Hatteras Instruments, NC
27518, USA) and a rectal thermometer (BIO-BRET-2-ISO. FL
33780, USA).

2.7 Immunostaining of Basilar Artery (BA) with NOS Anti-
body. Video-assisted microscope (x400) was used to identify
NOS within endothelial cells. Concisely, isolated rat basilar
arteries were perfused and fixed with 4% paraformalde-
hyde. Coronal sections of the basilar arteries were stored
overnight on slides at —80°C in accordance with the supplier’s
instructions. Rabbit polyclonal anti-rat NOS antibody (Alpha
Diagnostic Intl. Inc., San Antonio, TX 78244, USA) was used
at a dilation of 1:40, and immunostaining was performed
for 40 min at 25°C followed by drying overnight as described
in the supplier’s instruction. Five successive sections of each
specimen were photographed, and the lumen cross-sectional
area was measured for morphometric analysis.

2.8. Determination of ET-1. On the three days subsequent to
first induction of hemorrhage, the ET-1 levels in CSF were
determined by a commercially available ELISA kit (Immuno-
Biological Lab. Co., Ltd., Gunma 375-0005, Japan). The upper
limit of quantification was 2000 pg/mL for ET-1 as indicated
in the supplier’s instruction.

2.9. Determination of Nitric Oxide Synthase (NOS). The
NOS bioactivity of isolated basilar arteries was detected by
quantifying the alteration of L-arginine to L-citrulline. A
commercially available kit (Bioxytech NOS Assay Kit, Oxis
International, CA 90210, USA) was obtained to examine
NOS. Briefly, protein extracted from vessels was incubated
with radiolabeled L-arginine in the presence or in the
absence of 1mmol/L NOS inhibitor NG-nitro-L-arginine
methyl ester. The response was ended by adding of 50 mmol/L
HEPES buffer containing 5 mmol/L EDTA. Radiolabeled L-
citrulline was counted after the removal of excess L-arginine
with equilibrated resin and centrifugation at 10,000 rpm.

2.10. Immunoblotting for PI3K, Phospho-PI3K (P85), Akt,
and Phospho-Akt. Basilar artery samples (six animals/each

group) were homogenized in M-PER Mammalian Protein
Extraction Reagent (Pierce, Rockford, IL 61101, USA) mixed
with protease inhibitor (Complete Mini; Roche, Mannheim
14080, Germany) and then centrifuged at 15,000 rpm for
20 min. The homogenate contained 30 ug of protein stirred
with LDS sample buffer (containing 40% glycerol, 4% lithium
dodecyl sulfate (LDS), 0.8 M triethanolamine-Cl pH 7.6, 4%
Ficoll-400, 0.025% phenol red, 0.025% Coomassie G250,
2mM EDTA disodium, NuPAGE LDS Sample Buffer (4x)
NP0007; Invitrogen, Carlsbad, CA 92008, USA). Samples
were loaded for 8% sodium-dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and then separated after
centrifuging at 15,000rpm for 10min. The sample was
mounted onto a polyvinylidene difluoride membrane and
then incubated in blocking buffer (5% nonfat dry milk in Tris-
buffered saline with 0.2% Tween 20) at room temperature.
Rabbit polyclonal anti-rat PI3K, phospho-PI3K (P85), Akt
and phospho-Akt antibody (1:200; Cell Signaling Tech-
nology, Beverly, MA 01915, USA) was used according to
the manufacturer’s instructions, while 3-Actin (monoclonal
anti-3-actin, dilution 1:40,000; Sigma-Aldrich, Taipei 100,
Taiwan) was used as a control. A secondary antibody was
conjugated with horseradish peroxidase (HRP) in TBS-t at
room temperature for 1 hr. Optical densities were measured
by an enhanced Pierce chemiluminescent image analyzer
(a GS-700 digital densitometer, GMI, Ramsey, MN 55303,
USA).

2.11. Statistical Analysis. Data are expressed as the means
+ standard deviation. For group comparisons, all statistical
analyses were determined with one-way analysis of variance,
with the Bonferroni post hoc test and Mann-Whitney U
test. Difference, at a probability value less than 0.01, was
considered significant.

3. Results

3.1. General Observation. Throughout this study, all animals
showed no significant differences in the physiological param-
eters recorded, including glutamate oxaloacetate transami-
nase (GOT), glutamate pyruvate transaminase (GPT), blood
urea nitrogen (BUN), creatinine, pH, and arterial blood
gas analysis among all groups (Table1). Slight lower sys-
temic blood pressure was observed in the 450 uM/Kg/day
Arctigenin treatment SAH group. It proved that continued
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FIGURE 1: Bar graphs demonstrating mean cross-sectional areas of BAs. The mean cross-sectional areas of BAs in the SAH-only and SAH-plus
vehicle groups are reduced by 56 and 53%, respectively, when compared with the control (no SAH) group. The protective effect of Arctigenin
achieves statistical significance when compared with the SAH-plus vehicle group. Upper panel: BA cross-section area, (a) Sham-operated;
(b) SAH-only; (c) SAH + Vehicle; SAH rats receiving Arctigenin treatment of (d) 75 uM/Kg; (e) 150 uM/Kg; (f) 450 uM/Kg. *p < 0.01,
comparison between the Sham-operated and the SAH group; * P < 0.01; ***p > 0.01. Standard bar = 200 ym.

Arctigenin pumping in the selected dosage has a number of
pleiotropic effects but is devoid of hepatic and renal toxicity.

3.2. Morphometric Analysis. The lumen area was significantly
increased while the radial wall thickness, which has been
considered an index of chronic inflammation, was decreased
in both of the Arctigenin groups when compared with
those of the SAH groups. Lumen cross-sectional areas in
the sham-operated, SAH-only vehicle, and 50/150/450 uM/kg
Arctigenin treatment SAH groups were 0.28 £ 0.014, 0.14 +
0.018,0.15+0.023,0.17 £0.022, 0.24 +0.032, and 0.25+0.025
(mean + SD) mm?, respectively (Figure 1, bottom panel).

3.3. ELISA for ET-1. The concentration of ET-1 in the CSF
reached the peak at 48hr after the induction of SAH;
408 + 35pg/mL was found as the baseline value in the
sham-operated animals. The levels of ET-1 were signifi-
cantly decreased by 22%, 51%, and 46% in 50 uM/kg/day,
150 uM/kg/day, and 450 uM/kg/day Arctigenin administra-
tion respectively, as compared with 2414 + 85 pg/mL of the
SAH + vehicle group (Figure 2).

3.4. Activated eNOS. Radiolabeled L-citrulline analysis
showed higher eNOS protein in the healthy controls.
Treatment with 50/150 uM/Kg Arctigenin did cause a
significant increase in the bioactivity of the eNOS protein
compared with rats of the SAH groups (Figure 3). Treatment
of 450 uM Arctigenin increased the eNOS expression 1.4-fold

when compared with SAH + vehicle rats, which corresponds
to the observation in the BA eNOS immunostaining
(Figure 3, upper panel).

3.5. Levels of PI3k, Phosphor-PI3K (P85), Akt, and Phosphor-
Akt. Even with trends for downregulation of PI3K/Akt sig-
naling pathway following induction of SAH, there were no
significant differences among the five experimental groups
(Figure 4). Levels of phospho-PI3K and phospho-Akt were
increased significantly in animals subjected to SAH (SAH-
only, and SAH-plus vehicle treatment groups) when com-
pared to that in healthy controls (p < 0.01, and p < 0.01
resp.; Figure 4). Treatment with Arctigenin had less effect
on the levels of PI3K/Akt after SAH, while treatment with
Arctigenin significantly induced the levels of the phosphor-
PI3K/AKkt after SAH (p < 0.01 and p < 0.01. resp., Figure 5)
when compared with that of SAH-plus vehicle group.

4. Discussion

In this study, we have shown that Arctigenin, a potent
antioxidant, is able to increase Akt activation and attenuate
vascular constriction in rats subjected to SAH. It is plausi-
ble that antivasospasm effects of Arctigenin account partly
for simultaneous modulation of eNOS accompanying with
muscarinic and p-adrenergic receptors activation. ET-1 is
proven to be among the most potent causative factors of
cerebral vasospasm after SAH. The biosynthesis of ET-1 is
composed of conversing the natively precursor big ET-1 to
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the mature peptide ET-1 to -5 by a nonpeptide proteinase,
endothelin converting enzyme (ECE) [14, 23]. Extracellular
ET-1, produced in endothelial cells and glia cells, can adjust
cerebrovascular tone via interactions with specific ET-A and
-B receptors on the membranes of smooth muscle and
endothelial cells [7, 31]. Owing to the crucial role of active
ET-1, it is conceivable that inhibition of activated ETs could
be amenable to the treatment of SAH-induced vasospasm.
This study offers first evidence that Arctigenin exerts antiva-
sospastic effect by means of inhibiting the production of ET-1.

NO, a potent endothelium-derived relaxant, has been well
characterized in SAH-induced vasospasm. Three subtypes
are included in the NOS family: neuronal (nNOS), inducible
(iNOS), and endothelial (eNOS). eNOS mainly exists in the
endothelium. The iNOS phenotype is detected only at low
levels in humans [20]. NO plays a decisive role in modulating
vascular tension and is also an important pathophysiological
mediator in cardiovascular disorders and activates soluble
guanylyl cyclase, which leads to the production of cGMP
[39]. In Neuschmelting et al’s study, NO donors effectively
reduced the production of ET-1 from porcine-cultured aortic
endothelial cells [20]. In this study, expression of eNOS is
induced by Arctigenin in animals subject to SAH, which
may contribute to its vascular dilatation effects. In light of
previous findings showing that NO modulates the production
of ET-1, the result of the study disclosing Arctigenin exerts the

P < 0.01,and *p > 0.01 when compared with the SAH + vehicle group.

vasodilation effect through both the suppression of ET-1 and
enhancement of NOS merits further evaluation.

Dimmeler et al. demonstrated that Akt phosphorylated
the Serine 1177 site of eNOS protein and enhanced eNOS
activity. Through inhibiting the PI3K/Akt pathway, it led
to the prevention of eNOS activation [16]. Akt plays a
crucial role in eNOS activity and is important in endothelial
cell migration and angiogenesis, protection in ventilator-
associated pulmonary injury [36]. It also protected intestinal
tissue in the situation of intestinal ischemia [37]. The onset
of Akt cascade is activated by tyrosine kinases, integrins, B
and T cell receptors, cytokine receptors, G-protein coupled
receptors, and other stimuli that promote the production of
phosphatidylinositol 3,4,5 triphosphates (PIP3) by phospho-
inositide 3-kinase (PI3K). There are three related isoforms of
Akt: Aktl, Akt2, and Akt3. Aktl is a key signaling protein in
the cellular survival pathway. Akt2 serves as a critical signal-
ing molecule in the insulin signaling pathway, but the role of
Akt3 remains unclear [47]. Akt is a major mediator of cell
survival by direct inhibition of proapoptotic signals such as
the proapoptotic regulator Bad and the Fox01 and Myc family
of transcription factors [16, 33]. The trafficking of T lympho-
cyte to lymphoid tissues is controlled by the expression of
adhesion molecules related downstream of Akt [32]. In Endo
et al’s study, Akt has been shown to downregulate super-
oxide dismutase-associated neuron apoptosis in SAH [17].
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Ishrat et al. also stated progesterone exerts neuroprotective
effect through the Akt signaling pathway [15]. In this study,
expression of phospho-PI3K and phosphor-Akt was dose-
dependently induced by Arctigenin in animals subject to
SAH, which may contribute to its vascular dilatation effects
and correspond to its effect on the eNOS.

Arctigenin, as an active ingredient extracted from A
lappa (L.), has been used to exert many pharmacological
functions such as antidiabetes, antitumor, antioxidant, and
neuroprotective effect [39, 40, 44]. In this study, Arctigenin
was found able to inhibit ET-1 production and enhance eNOS
by the activation of the PI3k/Akt signaling pathways.

Currently, treatments for cerebral aneurysms and associ-
ated vasospasm are complicated and disappointing. Besides,
patients with vasospasm have more inpatient cost and longer
hospital stay, and definite effective medical treatment against
vasospasm is still lacking [5]. Clinically, oral nimodipine
treatment for SAH patients might improve functional out-
come but not contribute to the improvement of vasospasm
[6]. A phase 3 randomized trial of MASH-2 published results
that magnesium sulfate did not improve clinical outcome in
1,203 patients with aneurysmal SAH [13]. Herein, we found

P <0.01,and *p > 0.01 when compared with the SAH + vehicle group.

that Arctigenin effectively inhibited PI3k/Akt pathways and
increased eNOS activation. This result thus highly strength-
ened the potential of this natural product in its antivasospasm
in the SAH study.

In summary, the results of this study show that contin-
ued administration of Arctigenin, at a selected therapeutic
dosage, is safe and efficacious in the prevention of vasospasm
in this experimental model and is meritorious of further
investigation. Decreased levels of ET-1 as well as activated
eNOS, phospho-PI3k and Akt may contribute to the anti-
apoptotic and antivasoconstrictive effect of this compound.
Besides, 150 uM/kg of Arctigenin is similarly effective as that
of 450 uM/kg and exerts a dual effect on the Akt-related NOS
pathway and ET-1 related inflammatory cascade.

5. Conclusions

The outcome of SAH patients is persistently devastating, and
has changed little after decades of research and treatment
focusing on cerebral vasospasm. These accumulated results
arouse interest to consider the pathogenesis of SAH-induced
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FIGURE 4: The immunohistochemical study of PI3K/phospho-PI3K expression (western blot). Upper panel: the groups are stated similar to
that of Figure 3. The assay showed the reduced phosphorylation of PI3K in the SAH groups when compared with the control group. Arctigenin
dose-dependently induced the expression of activated PI3D signaling when compared with the SAH groups. Data in the figure are presented

as mean + SD. (*p < 0.01, compared with the SAH group; ***p < 0.01,

Arctigenin and SAH + vehicle groups, resp.).

EBI and its effects dictating the patient’s outcome. The ultra-
shortactivated ET-1and NOS following SAH lead to transient
vasoconstriction and a cascade of followed neuroinflamma-
tory reactions maintains the intensity of vasoconstriction.
The spasms accompanying SAH may be another complicated
pathway underlying the development and maintenance of
delayed vasospasm. This study shows that administration
of Arctigenin, a natural ingredient, induces eNOS, and
diminishes SAH-induced ET-1 related vasospasm in a rodent
model of SAH. Our result also suggests that Arctigenin could
prove clinically useful in treating SAH-associated morbidity.
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Purpose. Conventional two-dimensional vessel wall imaging has been used to depict the middle cerebral artery (MCA) wall in
patients with recent small subcortical infarctions (RSSIs). However, its clinical use has been limited by restricted spatial coverage,
low signal-to-noise ratio (SNR), and long scan time. We used a novel three-dimensional high-resolution MR imaging (3D HR-MRI)
technique to investigate the presence, locations, and contrast-enhanced patterns of MCA plaques and their relationship with RSSL
Methods. Nineteen consecutive patients with RSSI but no luminal stenosis on MR angiography were prospectively enrolled. 3D HR-
MRI was performed using a TIw-SPACE sequence at 3.0 T. The presence, locations, and contrast-enhanced patterns of the MCA
plaques on the ipsilateral and contralateral sides to the RSSI were analyzed. Results. Eighteen patients successfully completed the
study. MCA atherosclerotic plaques occurred more frequently on the ipsilateral than the contralateral side to the RSSI (72.2% versus
33.3%, P = 0.044). The occurrence of superiorly located plaques was significantly higher on the ipsilateral than the contralateral
side of the MCA (66.7% versus 27.8%; P = 0.044). Conclusions. Superiorly located plaques are closely associated with RSSI. 3D

high-resolution vessel wall imaging may be a potential tool for etiologic assessment of ischemic stroke.

1. Introduction

Small subcortical infarction (SSI) is a unique entity with a
distinct pathogenesis [1]. Traditionally, SSI is believed to be
caused by intrinsic diseases of the perforating arterioles [2, 3].
However, the study by Adachi et al. revealed that large artery
disease may also lead to SSIs [4]. Distinguishing between the
two vasculopathies may help guide optimal therapy. Many
conventional modalities exist for imaging luminal stenosis,
including CT angiography and MR angiography (MRA).
However, they cannot identify atherosclerotic plaques under-
going expansive remodeling on the intracranial vessel wall
which do not lead to luminal stenosis. Thus, direct imaging
of the intracranial vessel wall itself offers the potential to
discriminate such pathologies.

Using two-dimensional high-resolution MR imaging (2D
HR-MRI), several studies have demonstrated that atheroscle-
rotic plaques can be detected in patients with single sub-
cortical infarctions (42-60%) [5-8]. Xu et al. compared the
characteristics of plaques on the ipsilateral side with those
on the contralateral side and reported that superiorly located
plaques of middle cerebral artery (MCA) are associated with
acute deep brain infarctions [6]. However, 2D technique with
relatively low spatial resolution and limited coverage has diffi-
culty identifying small plaques on the vessel walls, especially
at the distal tortuous intracranial arteries [9]. Furthermore,
there has been limited study of contrast-enhanced high-
resolution atherosclerotic plaque imaging in patients with
recent SSI (RSSI) but no significant luminal stenosis at the
MCA.
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In this study, we aimed to compare the presence, loca-
tions, and contrast-enhanced patterns of plaques on the
ipsilateral and contralateral side of the RSSI using contrast-
enhanced three-dimensional HR-MRI (3D HR-MRI).

2. Materials and Methods

2.1. Study Population. From September 2013 to March 2014,
19 consecutive patients were prospectively recruited into the
current study. Patients were enrolled in this study if the
following criteria were met: (1) a recent single infarction
(maximal infarction diameter < 2cm) that is believed to
be responsible for the clinical symptoms reported within
the past 4 weeks: this infarct should have been identified
in the territory of the lenticulostriate arteries as confirmed
by diffusion-weighted imaging (DWI); (2) no ipsilateral
MCA stenosis based on the MRA; (3) one or more risk
factors for atherosclerosis (hypertension, diabetes, hyperlipi-
demia, and smoking). All eligible patients first underwent
comprehensive examinations including MRI of the brain
(T1- and T2-weighted images, DWI), MRA of the MCA,
transcranial Doppler, carotid duplex, electrocardiography,
and echocardiography. We excluded patients with the follow-
ing: (1) one or more stenoses at the ipsilateral intracranial
internal carotid artery or relevant extracranial arteries; (2)
a definite cardioembolic source; (3) other nonatherosclerotic
vasculopathies. Among these patients, those who were unable
to undergo a second MRI scan for any reason were also
excluded. In this study, the term “recent small subcortical
infarction” followed the definition described by Wardlaw
et al. [10]. The study protocol was approved by the insti-
tutional review board of our hospital. All patients gave
written informed consent before undergoing the second MR
examination.

2.2. Imaging Protocol. The examination was performed on
a 3.0T MRI system (Siemens Magnetom Verio, Erlangen,
Germany) using a 32-channel head coil. The examination
protocol included 3D time-of-flight MRA, DWI, and pre- and
postcontrast 3D T1-weighted HR-MRL

The 3D HR-MRI was performed using a variant of a 3D
turbo spin echo technique known as TIw-SPACE [11]. The
technique has good blood suppression properties and high
sampling efficiency [12]. The imaging parameters optimized
for T1 contrast that were used included the following [13]:
TR/TE = 938 ms/24 ms; turbo factor = 29; echo spacing =
4.54 ms; iPAT = 2; average = 1.4 (partial averaging); isotropic
voxel resolution varied between (0.5mm)’ and (0.7 mm)?,
and the average scan time was 8 min (6-10 min, depending on
the spatial resolution). For contrast-enhanced T1w-SPACE,
0.Immol/kg body weight of gadopentetate dimeglumine
(BeiLu Pharmaceutical Co., Ltd, Beijing, China) was manu-
ally injected. All subjects included in this study underwent
MRI examination within 4 weeks of symptom onset.

2.3. Image Analysis. All images were analyzed by two expe-
rienced readers. One reader (Qi Yang) is a neuroradiologist
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with 10-year clinical experience; another reader (Yiu-Cho
Chung) is an MR scientist working on plaque imaging for
more than 10 years. Both were independently blinded to the
patients’ clinical information and other images before they
reviewed the TIw-SPACE images. The discrepancies between
the readers were resolved by consensus reading.

Image analysis was performed on a workstation (Leon-
ardo, Siemens). The infarction at the penetrator territory
of the MCA was assessed based on a previously published
template [14]. The presence of MCA plaques was identified
using both pre- and postcontrast TIw-SPACE images. The
two 3D image sets were first coregistered using commercial
software (Syngo Fusion, Siemens). In the images, plaques
were identified using the criteria by Klein et al. [5]. A plaque
has focal wall thickening when it is evident on both the short
axis and long axis of the vessel compared with the nearby
vessel wall. Care was taken to ensure that the short-axis views
of the vessels were perpendicular to the M1 segment of MCA.
The end of the M1 segment was defined as the portion at the
Sylvian fissure and included the bifurcation [15]. MCAs on
both the ipsilateral and contralateral sides of the infarction
lesion were reviewed for the presence of plaque.

As most lenticulostriate arteries arise from the superior
wall of the MCA trunk [16], the locations of the plaques were
analyzed. Based on the position of maximal wall thickening,
the cross-sectional locations of the plaques were classified as
superior or inferior [8]. A plaque was considered a superiorly
located plaque when its maximal thickness was at the superior
side of the MCA (Figure 1(d)). Otherwise, it was classified
as an inferiorly located plaque (Figure 1(e)). If the plaque
thickness was similar on both the superior and inferior sides
of the vessel, the plaque was considered to be involved from
both sides of the MCA (Figure 1(f)).

Two-dimensional short-axis images of the plaques that
were generated from the registered pre- and postcontrast
T1w-SPACE images were used to find the plaque enhance-
ment ratio as follows. Region of interest (ROI) of the thick-
ened MCA vessel walls was first defined. The mean signal
intensities (SI) of the MCA vessel wall at the ROI on the
registered pre- and postcontrast TIw-SPACE were measured.
They were then normalized by the SI of the nearby gray matter
regions in the pre- and postcontrast images using the method
described by Lou et al. [17]. Following [17], a plaque was
enhanced when its SI increased by more than 20%.

2.4. Statistical Analysis. Continuous data were expressed as
mean + standard deviation. Categorical data were expressed
as counts and percentages. The interobserver agreement for
the identification of the plaques was assessed by calculating
kappa (k). A value of ¥ > 0.8 would indicate almost perfect
agreement. Students t-test was used for quantitative data
comparison, while Fisher exact test was used for qualitative
data comparison. Statistical significance was defined as a P
value of <0.05. All statistical analyses were performed using
SPSS software (SPSS Inc., version 19, Chicago, IL, USA).
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FIGURE 1: Contrast-enhanced 3D HR-MRI images from three patients. (a)-(c): MRA images show no stenosis on the relevant MCAs in these
patients (short dash line). (d)-(f): Contrast-enhanced 3D HR-MRI images of the corresponding patients show the plaques and their positions
along the MCAs (see arrow): (d) superiorly located superior; (e) inferiorly located plaque; (f) plaque involving both superior and inferior

wall.

3. Results

3.1. Patients Baseline Characteristics. Eighteen patients suc-
cessfully completed 3D contrast-enhanced high-resolution
vessel wall imaging. One patient was excluded because of sub-
optimal image quality from the examination. The details of
the patients’ demographics and main clinical characteristics
are shown in Table 1.

3.2. Presence and Locations of MCA Plaques. Of the 18
patients (totally 36 MCAs), 3D HR-MRI detected 21 plaques
that appeared to cause no stenosis on MRA. On precontrast
images, 14 plaques were detected and 12 of them were
enhanced in postcontrast images. On postcontrast images,
MCA atherosclerotic plaques were found in 19 vessels. Superi-
orly located plaques were found in 17 (89.5%) of the 19 MCAs
with plaques. The percentage of atherosclerotic plaques in all
the 36 MCAs detected on postcontrast TIw-SPACE images
was higher than that on precontrast Tlw-SPACE images
(52.8% versus 38.9%) (Table 2). Figure 1 showed three typical
cases in which plaques were found at different positions
of the MCA arterial wall. The distribution of the plaques
found on the ipsilateral and contralateral sides of the lesions
was shown in Table 3. Three of the 14 plaques found at the

TaBLE 1: Demographic and baseline characteristics of the patients.

RSSI (n = 18)
Age, median (range) 54.6 (40-70)
Male gender, % 16 (88.9)
Hypertension, % 12 (66.7%)
Diabetes, % 4(22.2%)
Hyperlipidemia, % 10 (55.6%)
Current smoker, % 13 (72.2%)
NIHSS, median (range) 2.78 (0-12)
Max?mum infarction diameter, mm, 14.7 (8.8-20)
median (range)
Time from stroke onset to the second MRI, 12 (3-28)

days, median (range)

Except for ranges, values are counts (percentages).

ipsilateral MCAs were located near the bifurcation of the
M1 segment. Figure 2 showed one such case where eccentric
vessel wall thickening was located near the bifurcation. MCA
plaques occurred more often in the ipsilateral than the
contralateral MCA (72.2% versus 33.3%; P = 0.044). In
addition, the prevalence of superiorly located plaques was
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TABLE 2: Presence and positions of atherosclerotic plaques around the ipsilateral and contralateral MCAs.

Ipsilateral Contralateral
Patient number Infarction site Precontrast Postcontrast Precontrast Postcontrast
Presence Position Presence Position Presence Position Presence Position
1 Left Yes Down Yes Up + down No No
2 Left Yes Up Yes Up Yes Up Yes Up
3 Left No No No No
4 Left Yes Up Yes Up Yes Up Yes Up
5 Left Yes Up + down Yes Up No No
6 Left Yes Down Yes Down No No
7 Left Yes Up Yes Up Yes Up Yes Down
8 Left Yes Up Yes Up + down No No
9 Left No No No No
10 Left Yes Up + down Yes Up No No
1 Left Yes Up Yes Up + down No No
12 Right No No No No
13 Right No No No No
14 Right Yes Up + down Yes Up + down Yes Up + down Yes Up + down
15 Right No Yes Up No Yes Up + down
16 Right No Yes Up No Yes Up + down
17 Right No No No No
18 Right No Yes Up No No

FIGURE 2: A 56-year-old man with right-side weakness and dysarthria. (a) MRA shows no stenosis on the left MCA; (b) the diffusion-
weighted image shows a hypertensive lesion in the left lenticular nucleus with rostral extension to the coronal radiate; (c) the T1-weighted
SPACE postcontrast images show apparent eccentric wall thickening (arrow) in close proximity to bifurcation ipsilateral to the infarction on

both the long axis and the short axis of the vessel.

TABLE 3: Ipsilateral and contralateral MCA wall findings.

Ipsilateral MCA Contralateral MCA

Wall findings P value
(n=18) (n=18)

Presence of plaque 13 (72.2%) 6 (33.3%) 0.044

Superior wall 12 (66.7%)" 5(27.8%)"" 0.044

Inferior wall 5(27.8%) 4(22.2%) 1.000

Values are counts (percentages). Statistically significant values are shown in
bold font.

MCA: middle cerebral artery.

*Of the 12 superiorly located plaques, 4 are also inferiorly involved.

**Of the 5 superiorly located plaques, 3 are also inferiorly involved.

significantly higher in the ipsilateral than the contralateral
MCA (66.7% versus 27.8%; P = 0.044). Weighted « value
of the interobserver agreement for the identification of the
plaques was 0.828 (95% confidence interval [CI], 0.62-1.00).

3.3. Plaque Enhancement. The percentages of superiorly
located plaques with increased SI at both the ipsilateral and
contralateral MCA were 58.8% + 34.9% and 72.2% + 43.5%,
respectively (P = 0.512 using Student’s t-test). Table 4
showed the signal enhancement of the plaques that were
centered on the superior side of the MCAs (superiorly located
plaques) on both the ipsilateral and contralateral sides of the
RSSIs.

4. Discussion

In this study, we investigated the MCA atherosclerotic lesions
in patients with RSSI using contrast-enhanced 3D HR-
MRI. We found that atherosclerotic plaques were observed
frequently at the MCA ipsilateral to the infarction lesions and
were often located at the superior side of the vessel wall.
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TABLE 4: Enhancement of superiorly located plaques between
ipsilateral and contralateral MCA.

Ipsilateral MCA Contralateral MCA
Enhancement

(n=12) (n=5)
Absence (<20%) 1(8.3%) 1(20.0%)
Presence (>20%) 11 (91.7%) 4 (80.0%)

Values are counts (percentages).

Assessment of lumen integrity is of limited value for the
etiology of stroke because lumens are usually preserved by
positive remodeling at the early stages of atherosclerosis. MRI
of the vessel wall allows visualization of plaque morphology
and characterization of plaque composition. Previous studies
reported that positive arterial remodeling is more often asso-
ciated with morphological predictors of plaque instability and
plaque rupture [18, 19]. In our study, all 18 patients showed
no obvious stenosis on time-of-flight MRA. However, with
our 3D HR-MRI vessel wall imaging technique, we found 21
plaques in the patients, suggesting the presence of remodeling
in the MCAs.

In patients with RSSI, plaques were present in 72.2% of
the ipsilateral MCAs. This percentage of plaque is higher than
that reported in previous studies (45.6-50%) [6, 7]. Such a
high prevalence may be due to the use of novel 3D isotropic
high-resolution vessel wall imaging. The 3D image sets allow
multiplanar projection reconstruction (MPR) of images in
arbitrary plane with no gap or image blurring. Compared
with conventional 2D techniques [9], the ability to visualize
vessel walls in various orientations improves the detection
of plaques. Another advantage of 3D vessel wall imaging is
that it further improves spatial coverage from the ostium
of the MCA to the far end of the distal part [20]. In this
regard, we found three cases in which plaques were located
at the bifurcation of the M1 segment of the MCA, ipsilateral
to the RSSIL, which would have been missed by conventional
2D techniques. These findings are meaningful since lateral
lenticulostriate arteries can originate at the bifurcation of
the MCA or the nearby regions [21]. Our results therefore
suggest that large artery disease may be an important cause
of RSSI. The RSSI with relevant plaques in our study would
be regarded as small artery diseases using other classification
methods such as TOAST (Trial of ORG 10172 in Acute Stroke
Treatment) [22] and SSS-TOAST (Stop Stroke Study-TOAST)
[23] using conventional imaging techniques. However, these
cases would have been classified as large artery disease
according to the Chinese ischemic stroke subclassification
[24]. Thus, 3D high-resolution vessel wall imaging would be
a useful tool for etiologic assessment of ischemic stroke.

3D HR-MR can cover the entire range of bilateral MCAs
in less than ten minutes and is more time-efficient compared
with conventional 2D techniques. It allows the comparison
between the ipsilateral MCAs of symptomatic RSSI with the
contralateral MCAs. We found that plaques on both sides of
RSSI were mostly superiorly located (92.3% on the ipsilateral
side versus 83.3% on the contralateral side). As plaques
occurred more often on the ipsilateral (72.2%) than on

the contralateral sides (33.3%), the percentage of superiorly
located plaques on the MCA ipsilateral to the RSSI was higher
than that contralateral to the RSSI (66.7% versus 27.8%; P =
0.044). The superiorly located plaques commonly involve the
orifices of penetrating arteries and may play an important role
in the development of RSSIs [25]. A previous study reported
that SSIs may be caused by perforator occlusion due to an
atheroma at the MCA [26]. In light of these findings, our
results support the association between superiorly located
plaques and the RSSL

Contrast enhancement of the plaque has been recognized
as an important marker of vulnerability in extracranial
carotid and coronary arteries [27, 28]. A previous study
showed that coronary wall enhancement in patients with
acute myocardial infarction was associated with elevated
systemic inflammatory markers [28]. The use of contrast
agent in our study for intracranial vessel wall imaging
helps the detection of the probable culprit plaques in stroke
patients. We found that the enhancement patterns were
consistent and largely confined to the vessels supplying the
area of acute infarction (Figure 3). Unexpectedly, the mean
percentage increases in SI of superiorly located plaques on
the ipsilateral and contralateral sides of RSSI were very
similar (58.8% versus 72.2%). Several recent small sample
size studies found that enhancement of plaques was strongly
associated with ischemic events [29-31]. However, Klein et al.
had reservations about such associations [32]. Compared to
the plaques in previous contrast enhancement studies where
patients have atherosclerotic plaques leading to stenosis of
intracranial arteries, the plaques in our study were small
and nonstenotic. Note that the percentage of enhanced
plaques also depended on the assessment methods, which
may be done qualitatively (comparison with pituitary [29])
or quantitatively [30]. Here, the quantitative method used to
assess plaque enhancement together with the small number
of contralateral MCA plaques might lead to bias on the
results relating plaque enhancement and RSSI. Whether
the enhancement of MCA plaques is a good prognostic
tool for ischemic stroke needs to be confirmed in a larger
patient cohort and follow-up studies. Nevertheless, contrast-
enhanced 3D HR-MRI has the potential to help subclassify
stroke more accurately and unravel the pathogenic mecha-
nism of SSI. Such new information may have a significant
impact on the treatment strategy for patients. For instance,
aggressive treatment to optimize plaque stabilization, includ-
ing intensive lipid-lowering and anti-inflammatory medica-
tions, may be more appropriate for patients with superiorly
located enhanced plaques.

There were several limitations in our study. First, the
sample size was relatively small and data from age-matched
healthy control subjects were unavailable for comparison.
Second, the plaques that were detected cannot be verified by
histopathology. Also, the culprit plaques could not be identi-
fied as the branch artery ostia cannot be clearly visualized in
the images. Third, the spatial resolution of the images varied
among different patients (isotropic voxel size varied from
0.125 to 0.343mm’). Despite the varying voxel size used in
different patients, the lowest spatial resolution in terms of
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FIGURE 3: A 59-year-old man with left-side weakness. (a) MRA shows no stenosis on right MCA; (b) the diffusion-weighted image shows a
hypertensive lesion in the right lenticular nucleus which extends to the coronal radiate; precontrast T1-weighted SPACE images did not show
eccentric wall thickening clearly on both the long axis (c) and short axis ((e), arrow) of the MCA; postcontrast T1-weighted SPACE images
show wall thickening ipsilateral to the infarct on both the long axis (d) and short axis ((f), arrow) of the MCA.

voxel size in this study is still comparable to other studies
using 2D techniques where the voxel sizes were in the range
of 0.33mm?® to 0.36 mm”. Additionally, our study population
included only symptomatic patients with a normal lumen,
and the results may not be directly applicable to patients with
MCA stenosis caused by atherosclerotic plaques.

5. Conclusions

The current findings indicate that 3D high-resolution vessel
wall imaging improves the visualization of MCA plaques and
holds promise as a valuable alternative to current 2D MRI
techniques. Our results suggest that atherosclerosis may be
more prevalent among patients with RSSI than commonly
believed. Superiorly located MCA plaques are associated with
ipsilateral infarctions and may have an important role in the
pathogenesis of RSSI. Plaques found in these patients with
RSSI are mostly enhanced. Further studies are required to
explore the relevance of these findings to the subclassification
of stroke.
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Background. To investigate whether one or more SAMHDI gene mutations are associated with cerebrovascular disease in the general
population using a Chinese stroke cohort. Methods. Patients with a Chinese Han background (N = 300) diagnosed with either
cerebral large-artery atherosclerosis (LAA, n = 100), cerebral small vessel disease (SVD, n = 100), or other stroke-free neurological
disorders (control, n = 100) were recruited. Genomic DNA from the whole blood of each patient was isolated, and direct sequencing
of the SAMHDI gene was performed. Both wild type and mutant SAMHDI proteins identified from the patients were expressed
in E. coli and purified; then their dNTPase activities and ability to form stable tetramers were analysed in vitro. Results. Three
heterozygous mutations, including two missense mutations c.64C>T (P22S) and ¢.841G>A (p.E281K) and one splice site mutation
€.696+2T>A, were identified in the LAA group with a prevalence of 3%. No mutations were found in the patients with SVD or the
controls (p = 0.05). The mutant SAMHDI proteins were functionally impaired in terms of their catalytic activity as a dNTPase and
ability to assemble stable tetramers. Conclusions. Heterozygous SAMHDI gene mutations might cause genetic predispositions that
interact with other risk factors, resulting in increased vulnerability to stroke.

1. Introduction

Increasing evidence suggests that there is a significant genetic
predisposition to cerebrovascular disorders, and these genetic
risk factors may account for some portion of the unexplained
risk of stroke [1-4]. Identifying these genetic risk factors will
not only allow better risk prediction but also provide valuable
insights into the mechanism of disease development. The
discovery of novel genes associated with stroke may reveal
novel pathways involved in stroke pathogenesis, thereby

resulting in new targeted treatments and effective prevention
[5].

We have recently described a cohort of patients from the
Old Order Amish, an inbred population who present a func-
tional loss of the SAMHDI (sterile alpha motif and histidine-
aspartate (HD) domain-containing protein-1) gene resulting
from a homozygous c.1411-2A>G mutation [6]. Although this
autosomal recessive condition is heterogeneous, involving
multiple systems, the presence of cerebral vasculopathy
appears to be a major hallmark of the condition [6, 7]. Similar
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cerebrovascular findings have also been reported in patients
with other SAMHDI mutations [8, 9].

The SAMHDI gene was originally identified from a
human dendritic cell cDNA library as an ortholog of the
mouse IFN-y-induced gene MglI [10] and was recently linked
to a rare genetic condition, Aicardi-Goutiéres syndrome
[11]. Recent studies have revealed that SAMHDI is a dGTP-
regulated deoxyribonucleoside triphosphate triphosphohy-
drolase (ANTPase) [12-15], and its tetramerisation is required
for biological activity [16, 17]. Due to this structural feature, it
has been tempting to speculate that a single mutation in one
allele of the SAMHDI gene may act in a dominant negative
manner with the potential to become pathogenic in humans
(18].

Considering the roles of the SAMHDI gene in human
innate immunity [10], the clinical findings of monogenic
linkage studies [11], and its unique structural requirement
for catalytic and biological activity [12-18], we hypothesised
that the SAMHDI gene may be associated with stroke in
the general population. In this study, we investigated this
hypothesis in a stroke cohort with a completely different
ethnic background from that of the original studies linking
SAMHDI mutations to cerebral vasculopathy.

2. Methods

2.1. Patients. Patients with a Chinese Han background were
recruited from Tiantan Hospital in Beijing, China, from June
2009 to September 2012, either as consecutive outpatients or
as inpatients admitted to the Neurology department. Com-
prehensive clinical evaluations, consisting of a stroke risk
assessment and routine hematologic and metabolic assays,
including C-reactive protein, erythrocyte sedimentation rate
(ESR), and a fasting lipid profile, were performed for each
subject. All subjects underwent brain MR imaging with
angiography or a CT scan, carotid artery ultrasound, and
transcranial Doppler screening. The study was approved by
the Ethics Committees/Institutional Review Board of Beijing
Tiantan Hospital, Capital Medical University, and written
informed consent was obtained from each participant or
his/her legal guardian.

Among the 1765 patients with cerebral large-artery
atherosclerosis (LAA) and the 428 patients with cerebral
small vessel disease (SVD) recruited throughout this investi-
gation, 100 patients from each group were randomly selected
to participate in the study. In addition, 100 stroke-free
patients were selected as a control group. All 300 subjects
were of Chinese Han genetic background. Detailed patient
information is summarized in Table L.

Large-artery atherosclerosis was defined as a stroke
caused by atherosclerosis and was categorised as carotid, ver-
tebral, or basilar artery stenosis of more than 50% according
to carotid artery ultrasound or MR angiography. A patient
with SVD was defined as having one of four imaging features
(lacunar infarcts, leukoaraiosis, microbleeds, and dilatation
of the perivascular spaces), whereas patients with subcortical
lesions of more than 1.5cm in diameter, a cortical infarct
of any size, a potential cardioembolic source, parent artery
stenosis, and other large-vessel diseases were excluded. The
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TABLE 1: Age and gender distributions among the patients.

LAA SVD Control
(n=100) (n=100) (n=100)
Age (years) 593+95 59.8 + 9.1 629+6.3
Gender (M/F) 76/24 55/45 50/50

LAA = cerebral large-artery atherosclerosis; SVD = cerebral small vessel
disease.

Control = stroke-free control.

The ages are expressed as the means + SD, with N in parentheses indicating
the total number of patients in each group.

control group was recruited from stroke-free patients who
had another type of neurological disorder, such as epilepsy
or Parkinson’s disease, but were free of any symptomatic
cerebrovascular disease, such as transient ischemic attack.
Asymptomatic cerebrovascular diseases were also ruled out
in control individuals according to MR imaging or CT scans.

2.2. DNA Sequencing and Mutation Identification. Genomic
DNA from whole blood collected from each patient was
isolated as previously described [19]. PCR primers were
designed to amplify each of the 16 protein-coding exons of the
SAMHDI gene and their flanking intronic sequences. Direct
sequencing of the PCR products was performed using an ABI
3130XL sequencer, and sequencing files were analysed using
PolyPhred software. Sample sequences were compared with
the reference sequences from GenBank to identify sequence
variants. GenBank accession numbers NM_015474.3 and
NP_056289.2 were used as the SAMHDI ¢cDNA and protein
sequence references.

2.3. Recombinant SAMHDI Proteins and Activity Assays.
Wild type and mutant SAMHDI proteins bearing mis-
sense mutations identified in patients from this cohort
were expressed in E. coli and purified to near homogeneity
as described previously [16, 20]. The effect of mutations
on SAMHDI function was assessed using two assays: (i)
dNTPase activity in vitro and (ii) the ability to assemble
stable tetramers, the functional form of the enzyme [16, 17].
The dNTPase assays were performed in 10 mM Tris-HCI,
pH 75, 50 mM NaCl, 5mM MgCl,, and 100 nM recombinant
SAMHDI in the presence of the indicated concentrations
of dGTP at 25°C. The dG nucleoside products in reaction
aliquots were collected at various time points and then
quantified by HPLC as described previously [16]. To assess
the tetramerisation ability of SAMHDI, 100 4L aliquots of
SAMHDI (250 nM) were mixed with dGTP at the indicated
concentrations (0 to 200 #M), injected into the analytical
Superdex200 column (24 mL), equilibrated with Tris-HCI,
pH 7.8, 50 mM NaCl, 5% glycerol, and 0.02% sodium azide,
and separated at a flow rate of 0.8 mL/min [16]. The elution
profiles were recorded by monitoring fluorescence traces with
an excitation wavelength of 282 nm and an emission wave-
length of 313 nm. The areas of the peaks corresponding to the
SAMHDI tetramer (ordinate) were plotted as a function of
dGTP concentrations (abscissa).
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TaBLE 2: Additional clinical features in patients with SAMHDI mutations.

Gender Age (years) Stroke risk factors Mutations identified

Hypertension
Hyperlipidaemia Exon1

Case 1 M 58 Hyperhomocysteinaemia c.64C>T
Smoking (p.Pro22Ser)
Drinking
Hyperlipidaemia Intron 6

Case 2 M 39 Smoklng Cc.696+2T>A
Drinking (putative aberrant splicing)
Hypertension
H lividaemi Exon 7

Case 3 M 56 yperipidaemia c.841G>A
Smoking (p.Glu281Lys)
Drinking

2.4. Statistical Analysis. Age was summarised using means
and standard deviations, and gender was summarised using
frequencies for patient groups. The Fisher exact test was used
to compare the SAMHDI mutation frequencies between the
groups. A two-sided p value less than 0.05 was considered
statistically significant. All analyses were conducted using
SAS 9.2 (Cary, NC).

3. Results

Genomic DNA sequencing of the SAMHDI gene in all
study subjects revealed numerous sequence variants in all
three groups (see Supplemental Table e-1 available online
at http://dx.doi.org/10.1155/2015/739586). However, of all
detected variants, only three variants identified in the LAA
group were predicted to affect the protein (Table 2, Figure 1).
In contrast, none of the other variants identified in the
SVD and control groups caused a change in the SAMHDI
amino acid sequence. The three mutations identified in
the LAA group included two missense mutations, ¢.64C>T
(P22S) and ¢.841G>A (p.E281K), and one splice site mutation
€.696+2T>A in intron 6, leading to a putative aberrant
splicing event. As shown in Figure 2, the two missense
mutations, P22S and E281K, caused amino acid substitutions
located proximally to the conserved SAM domain and in the
catalytic core of the enzyme, respectively.

The calculated prevalence of SAMHDI mutations in the
patients of the LAA group was 3%, compared to none in
the primary SVD and control groups (p = 0.05). The
three patients identified with SAMHDI mutations in the LAA
group were all males. Stroke risk factors, such as hyperten-
sion, hyperlipidaemia, hyperhomocysteinaemia, and tobacco
and alcohol use, were also identified in all three patients
(Table 2).

None of the three variants has been reported previously or
is present in the 1000 Genomes Project database (http://www
.1000genomes.org/). In the ExAC database (http://exac.broad-
institute.org/), the P22S and E281K missense mutations have
only been observed in a frequency of 0.0008% and 0.002%,
respectively. In silico prediction programs predicted the

P22S variant to be deleterious (SIFT) or probably damaging
(PolyPhen-2), whereas the E281K was predicted as benign
variant by both programs.

The association of two missense mutations (P22S and
E281K) with stroke suggested that they may have a deleterious
effect on SAMHDI-folding and/or function. As a first step
to assess this possibility, we examined the recently solved
crystal structure of the dGTP-bound SAMHDI catalytic
core (residues 113-626) [17]. The E281 residue is located in
the SAMHDI catalytic core in a loop that appears to be
disordered in the structure (Figure 3(a)). The P22 residue
resides in the N-terminus, proximal to the SAM domain,
and is not present in the structure. Hence, while revealing
that both stroke-associated SAMHDI variant mutations were
likely located in unstructured regions, which are known
to be frequently involved in interactions with ligands, this
information unfortunately failed to provide any direct clues
regarding the possible impact of mutations on SAMHDI
structure and function.

We next investigated the biochemical activities of the two
substitution variants in the context of full-length SAMHD]1
proteins. Biochemical and structural characterisation of
SAMHDI established that the biologically active form is a
tetramer induced by dGTP binding at allosteric regulatory
sites of the enzyme [16, 17]. Therefore, to assess the possible
adverse effects of these mutations on SAMHDI function, the
propensity of SAMHDI to undergo dGTP-ligand-induced
tetramerisation was determined over a wide range of dGTP
concentrations. As shown in Figures 3(b) and 3(c), wild
type SAMHDI and both mutants showed increased tetramer
content with increasing dGTP concentrations. However, both
the P22S and E281K substitutions led to a dramatic reduction
in ligand-dependent tetramerisation compared to wild type
SAMHD], even in the presence of the highest dGTP concen-
tration, which indicates that these variants are functionally
defective. Thus, we determined the dNTPase activities of both
mutants and wild type SAMHDI as a control (Figure 3(d)).
The catalytic activity of the E281K mutant was severely
diminished, as predicted by the results of tetramerisation
assays (Figures 3(b) and 3(c)). The P22S mutant also showed
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FIGURE 1: Radiologic findings of the cerebral large arteries in 3 patients with SAMHDI gene mutations. In each panel (a—c) the abnormal
neuroimaging findings (upper) and sequence electropherogram with the identified SAMHDI mutation (lower) are shown. The imaging
examination was performed with either contrast-enhanced magnetic resonance angiography (a) or magnetic resonance angiography (b and
¢). Orange-coloured arrows indicate stenoses of the large arteries and black arrows show the mutations of the SAMHDI gene.

greatly reduced catalytic activity. Taken together, the results of
these functional analyses indicate that both mutations exert a
negative effect on the biological functions of SAMHDI.

4. Discussion

SAMHDI was originally identified in a human dendritic cell
cDNA library as an ortholog of the mouse IFN-y-induced
gene Mgll and was previously called dendritic cell derived

IEN-y-induced protein (DCIP) [10]. High expression levels
of the protein in human macrophage and dendritic cells
suggested a role in the innate immune response [10, 21, 22]. A
previous linkage study of SAMHDI with Aicardi-Goutiéres
syndrome associated the gene with a human disease for
the first time [11]. Recent studies of SAMHDI during HIV
infection have significantly increased our understanding of
its important role in restricting viral infections [12, 13, 23], as
well as its biochemical functions [14-18]. The present study
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FIGURE 2: SAMHDI mutations in LAA patients. Schematic representation of the 16-exon SAMHDI gene (upper panel) and its 626-amino-acid
gene product (lower panel). Sixteen exons encode a 626-amino-acid protein that comprises two structural domains. The SAM (sterile alpha
motif) and HD (histidine-aspartate) domains are connected by a flexible linker. An oval indicates the location of a nuclear localisation signal.
Locations of the missense (P22S, Q281K) and exon 6 splice donor (spl) mutations found in LAA patients are indicated.

revealed that SAMHDI gene mutations are associated with
LAA in a Chinese stroke cohort.

In this study, heterozygous mutations have been iden-
tified in three patients with LAA, representing 3% of the
patients in the group, whereas no mutations were found
among 200 patients with SVD or stroke-free controls. We
have previously described an autosomal recessive condition
in the Old Order Amish population in which a functional
loss of SAMHDI occurs due to a homozygous c.1411-2A>G
mutation [6], with cerebral vasculopathy and an early onset
of stroke being major hallmarks. Hence, we have proposed
“SAMS (an acronym of cerebrovascular stenosis, aneurysm,
moyamoya, and stroke) association” as the name of the
disease [7]. The SAMS association seems to affect both large
and small cerebral vessels, although cerebral vasculopathy
is more predominant in large vessels [6]. In this study, we
found that the heterozygous mutations in SAMHDI were only
associated with LAA.

The phenotype of the patients with heterozygous
SAMHDI gene mutations appeared less severe than that
of SAMS-associated patients. The three individuals with
SAMHDI mutations from the LAA group showed no signs of
other system involvements, unlike the patients with SAMS
association [6]. Therefore, based on the course and severity
of the disease, one might speculate that the patients with
heterozygous mutations manifest a mild type of SAMS
association.

However, it should be noted that, along with SAMHDI
mutations, multiple stroke risk factors, such as hypertension,
hyperlipidaemia, hyperhomocysteinaemia, and alcohol and
tobacco use, were also identified in all three patients. Thus,
we suggest that SAMHDI mutations might create a genetic
predisposition for stroke that leads to an increased vulnera-
bility to stroke in those patients by interacting with other risk
factors.

The exact mechanism of how the SAMHDI mutations
serve as a genetic predisposition for stroke remains unclear.
However, our functional studies indicate that the missense
mutations c.64C>T (P22S) and ¢.841G>A (E281K) identified

in the stroke patients impair the function of the SAMHDI
protein (Figures 3(b)-3(d)). It is interesting to note that
residue 281 was not resolved in the SAMHD]1 dimer structure,
an inactive conformer of the enzyme, nor the tetramer, the
catalytically active form [16, 17]. In both crystal structures,
the loop containing residue 281 resides at the surface of
the protein, away from both the ligand-binding allosteric
site and the catalytic site. However, the E281K mutant
failed to form a stable ligand-bound tetramer and showed
a concomitant reduction in its catalytic activity. Thus, it is
tempting to speculate that the unresolved region, including
residue 281, may interact with a region of SAMHDI other
than the catalytic core to stabilise the tetramer. Consistent
with this notion, the P22S mutant located at the N-terminus
exerted a similar effect, although the difference was less
significant. The other mutation, c.696+2T>A, was predicted
to produce a SAMHDI protein with severely truncated
catalytic domains, precluding it from being an active dNT-
Pase. Increasing evidence indicates that SAMHDI may act
as an immunomodulator that plays a protective role by
preventing the self-activation of innate immunity [24, 25].
Our reported findings here suggest that impaired functions
of this protein might result in an unremittingly proinflam-
matory status in the affected individuals, thus directly or
indirectly initiating progression of the pathological process
of LAA. Several lines of evidence implicate SAMHDI in
immune function, as it is upregulated in response to viral
infections and is thought to play a role in mediating TNF-
« proinflammatory responses [22, 26, 27]. However, TNEF-
« is significantly associated with large-artery atherosclerosis
[28], suggesting that SAMHDI may initiate the progression
of LAA via the TNF-a pathway. Indeed, abnormal labo-
ratory findings, including elevated ESR, immunoglobulin
G, neopterin, and TNF-«, have been found in patients
with the homozygous mutation [6], whereas moderately
increased levels of cytokines have been observed in het-

erozygous carriers of the c.1411-2A>G mutation (unpublished
data).
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FIGURE 3: SAMHDI mutations from individuals with stroke diminish SAMHDI tetramerisation and dNTP hydrolase activity. (a) The
crystal structure of the tetrameric SAMHDI catalytic core (residues 113-626; PDB ID, 4BZB) is shown with the position of residue E281 (+)
indicated. Residues 278-283 (SPVEDS) were not resolved [17]. Each subunit is rendered with a different colour. (b) SAMHDI stroke patient
mutations interfere with SAMHDI tetramerisation. Wild type and mutant recombinant SAMHDI proteins (250 nM) were preincubated with
dGTP (25 uM), and the mixtures were separated on an analytical gel filtration column. The peaks corresponding to SAMHDI tetramers,
dimers/monomers, and dGTP are indicated. (c) The extent of SAMHDI tetramerisation was determined with various concentrations of
dGTP (0 to 200 M) as described in (b). (d) dGTP-dependent dGTPase activity of recombinant SAMHDI. The standard error from triplicate

samples is shown.

The vast majority of strokes are increasingly recognized
as polygenic events. Although monogenic causes of stroke
are rare, identification of these genes and mutations is
important to provide critical information for the diagnosis,
treatment, and prognosis of affected individuals. Further-
more, identifying novel gene variants associated with stroke
may reveal novel pathways involved in stroke pathogenesis
and thus result in new targeted treatments and more effective
prevention of stroke. In this study, although the incidence

of SAMHDI mutations in LAA patients was only 3%, this
prevalence is noteworthy in light of the complexity of the
multiple genetic and environmental risk factors that influence
the disease. Because the study was intentionally performed
in a completely different population from that of the original
studies linking SAMHDI mutations and cerebral vasculopa-
thy, the implication may be more prominent. Further studies
involving additional patient populations and exploring the
mechanism underlying the effect of SAMHDI mutations on
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the development of LAA in the general population will be
valuable, not only for patients who are directly affected but
also for stroke patients in general.
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